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PREFACE. 



In the following bulletin I have brought together the more impor- 
tant results of experitnents in high temperatures, made since the pub- 
lication of my bulletin on the thermoelectric measurement of high 
temperatures.^ Chapter i, in addition to pointing out certain inherent 
m relations between metallic vapor tensions, has a direct bearing on 
pyrometry. Chapters ii and iii are of geological importance, and the 
work was done for Mr. Clarence King. Chapter ii shows that in case 
of the igneous fusion of basic magma, the passage from liquid to solid 
is one of contraction, and measures the difference of specific volumes at 
the solidifying temperature. Chapter iii coiitains a full account of the 
thermal capacity of the same rock under the same conditions, and by 
aid of Chapter ii leads to a numerical value for the relation of melting 

point to pressure, for silicates. 

Carl Barus. 
June 8, 1892. 

•Bull. U. S. Geol. Survey, No. 54, 1889, p. 313. 
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HIGH TEMPERATURE WORK IN IGNEOUS FUSION AND'EBULLI- 
TION, CHIEFLY IN RELATION TO PRESSURE. ' '• ••:'; /•• . 



By Cabl Babus. 



CHAPTER I. 

THE PRESSURE VARIATIONS OF CERTAIN HIGH TEMPERATURE 

(METALLIC) BOILING POINTS.* 

INTRODUCTORY. 

1. The plan purstted. — In the following chapter* I describe a practical 
method for the calibration of thermocouples by aid of boiling points, 
and then apply it in measuring the vapor tensions of zinc, cadmium, 
and bismuth. During the course of the work a much neglected princi- 
ple of Qroshans^ is advantageously employed. I must state at the out 
set that it is not at all my object to furnish accurate values for boiling 
points. The purpose of this paper is to investigate the probable nature 
of the relation of boiling point to pressure, throughout very wide ranges 
of temperature, with the hope of stimulating speculation on the sub- 
ject somewhat more rigorous than that of Groshans. It is clear that if 
a law can be found by which the normal (76 centimeters) boiling point 
of a substance can be predicted from an observed low-pressure boiling 
point, then there is hope of arriving at a more complete knowledge of 
high-temperature boiling points than is now available. More than this : 
By varying pressure, boiliog points may be made to overlap each other. 
Hence a thermocouple calibrated as far as the boiling point of zinc for 
instance, may be used to measure the low-pressure boiling point of 
bismuth (say), and the couple then may be further calibrated by making 
use of the normal boiling point of bismuth at 76 centimeters, predicted 
by aid of the law in question. The process may obviously be repeated. 
The couple whose calibration interval has been enlarged in the manner 
given, may now be used to fix the low-pressure boiling point of some 

'The literature of the subject, which is very voluminous, may be> omitted here because a full account 
is given in Bull. Ko. 54, pp. 1 to 30. At the present stage of progress of the kinetic theory of gases 
the air thermometer is still the only apparatus available for absolute high temperature measurement, 
and all data are directly or indirectly derived from it. An account of work of this kind is also given 
in the bulletin. 

«Cf. Phil. Mag., (6), vol. 29, 1890, pp. 141-157. 

•Groahaiu: Pogg. Ann., lxxyiii, p. 112, 1849. 
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other suitable metal, aud tlte^ -fi> tarn be further calibrated by nieaos 
of its boiling point. Tlus'is-jBtbcrut the idea. It is not wholly illusory, 
as 1 think the preseirt^^iqjer, which in spite of its approxituate charac- 
ter contains considel^ble work, will show. 

3. The^'wneter. — Letmesay,too,thatthcplatiiium/platinum-lridium 
thermooo^dfl used had on a former occasion ' been tested for polymeri- 
zation anomalies by minute cotnparison with 
the porcelain air thermometer,' and none were 
found. The alloy confeiiuedliOpercentof irid- 
ium, M.LeOhatelier'unJustlyi'ejects the plat- 
inum-iridiuin couple because of irregularities 
of the kind referred to. When the range of 
temperature is very large the Aveuariua-Tait 
oq^uation isfound insufficient; butthisequa- 
tion subserves a good piirjiose when interpo- 
lation between two fixed temperature data, 
lying anywhere on the scale, but not very far 
apart, is called for. 

APPARATUS. 




3. Low boiling points. — Boiling jKiints be- 
low 500O may be studied in a closed glass 
tube a«(Pl. I), along the axis of which atbiu- 
walled tube, dd, open at botb ends, passes 
quite through. In the bottom of the annular 
space betwceu the tubes the ebullition liquid, 
kk, is placed, and it is heated by the Gibbs' 
ring burner, rr. A funnel-sliaped asbestos 
screen, nn, protects the upper tube against 
direct radiation. Other screens und jackets, 
pp, are suitably added. The upper end of the 
tube, aa, communicates with the air pump 
through the tubulure h. Finally, a ft, the 
thermocouple to be calibrated, consisting of 
platinum and platinum -iridium wire, is iu- 
serted into the bottom of the central tube, dd, 
with the junction o Just above the plane of 
K^ibLe for high the ebullition liquid, kk. The upper part of 
'^'^ '■ the tube, dd, is closed with at^bestos wicking 

(not shown), extending almost as far down a:^ o. 
The wires of the couple pass through parallel canals in a rod of fire 

<!lay, xy, and are thus well insulated. I may add that the boiling ix>ints 
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of mereory, Balpliur, etc., for all pressures compatible with tbc strength 
of tabe are conveniently obtained in this way. The vacimni boiling' 
point of cadmium is also easily reached. Boiling may be kept up for 
any length of time. 

4. Sigh boUing points. — For boiling iwtnts above SOC^ it is more con- 
venient to use glazed porcelain or fire clay crucibles of the form efd^ 
bdc, (Pig. 1>. The ebullition liquid is shown at fcfc, in Fig. 2, and fg is 




the central tube in whirh the thennocouple, (?(?, is to be introduced. To 
vary the pressure under which boiling takes place the tube n is con- 
nected with an air pump. Finally, ii tight joint at ed is secured by 
calking with asbestos wicking, and theii filling up with fusible niutal 
the annular space or trough left above the asbestos. 

The crucible, efd, is surrounded by a small furnace of Fletcher's com- 
position, FFF'F', Fig. 2, and heated with one or more blast burners, 
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AB, If the flame impinges directly xv^n the cold crucible it is apt to 
break it 5 but such breakage may be quite preveuted by surrounding 
the crucible with a conical shell of asbestos. Unfortunately, the cruci- 
bles can be used but once — unless the metal is cautiously poured out 
before solidifying, an operation which does not always succeed — ^for 
they are usually fractured by the solidifying metal, Ick^ on cooling. 
Nevertheless, the single experiment may be i)rolonged almost in- 
definitely; that is, for half a day or more. I found no difficulty in 
obtaining vacua of two or three millimeters at extreme white heat. In 
this case the crucibles must be well glazed internally. § 13. 

5. Torsion galvanometer. — The best method of measurement is doubt- 
less a null method, in which the thermoelectric constants are expressed 
in terms of a given* Latimer Clark's cell. Eecalibrations are then rarely 
necessary. But the computation of observations occurring in great 
numbers is somewhat inconvenient. In this respect the torsion galva- 
nometer offers decided advantages. A form of apparatus of this kind 
is shown in Plate II, so that little further description will be neces- 
sary. AA is the coil of wire, and BB the astatic system seen in cross sec- 
tion. The system is suspended by aid of a fine platinum wire EE; and 
inasmuch as A A is wrapped on a heavy frame of copper, the motion 
of the needle is aperiodic. Torsion is imparted by aid of an alidade 
DD^ and the amount registered by a large circle graduated in degrees. 
Fractions of a degree are read off by a mirror and scale adjustment, 
the parts of which are 0, MM and /i% T being the telescope. 

The scale proper as is on transparent glass, and S a white diffuse re- 
flector, so that the scale may be more distinct. 

The instrument is high enough to be manipulated by the observer 
standing. When the current passes, the deflected needle is twisted 
back to a fiducial position, parallel to the windings, and the amount at 
once read off. Then the current is reversed and a similar reading 
made. Since the resistance of the coil AA \^ practically the only re- 
sistance of the thermoelectric circuit, these deflections are directly 
proportional to the thermoelectromotive force. 

The two magnets BB' Plate II, Fig. 1 and 2, of the astatic system 
each consist of a battery of four flat magnets, about 10 centimeters 
long, and of glasshard steel, consecutively annealed at lOO^ both for 
temper and for magnetic permanence.^ A square frame of aluminium 
and hard rubber, embracing the upper half of the coil AA^ connects 
the magnets. To this the adjustal^le mirror is attached. The torsion 
fiber is a platinum wire, .018 centimeter in diameter. It therefore has 
considerable strength to resist wear and tear. Finally, the plate-glass 
doors a^2f, which close the magnet box, are easily removable, so that the 
magnet and mirror are conveniently accessible. 

The instrument has two zeros: the optical zero of the mirrors, rel- 
ative to which the reflected scale readings are symmetrical, and the 



JCf. BuU. U. S. Geol. Survey No. U, 1885, p. 171. Cf. Cliapter VI of the same bulletin. 
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magnetic zero of the astatic system, relative to which the deflections 
are symmetrical. The two fidncial marks should coincide. The mag- 
netic zero is shown by the fact that the mean of the scale readings on 
commutation coincide with the zero reading for no current. In case 
of a system of needles very nearly astatic, the optic zero may be de- 
termined by plotting scale readings in terms of twist registered by the 
alidade without current, and noting the position of symmetry in the 
circumflexed curve of the chart. 

6. It will be seen that by bringing the needle back to zero by twist- 
ing the fiber, the effect of the earth's local magnetic field is almost 
wholly eliminated in an adjusted instrument For let u be the effect- 
ive magnetic moment of the system and I the intensity of the current, 
T the coefficient of torsion and ^ the twist necessary to bring the 
needle back to zero. Then, apart from unnecessary constants, 

I u + r fp=Oy-q)=Iu / r (1) 

Again, in case of deflection f' in a magnetic field of intensity jff paral- 
lel to the coils, 

I u cos f>'+T^'+jff w' sin^'=0. 

Supposing the deflections very small, 

f'=I u/(t+ Hu') (2) 

Now, in an incidental adjustment I found ^=4'36; ^'=4'00. Hence, 

r _400 

In other words, the magnetic resistance is about one-tenth the tor- 
sional resistance to deflection by current. Now, inasmuch as deflections 
are used only to correct the torsion value, which is increased or decreased 
in single degrees, the effect of magnetic resistance is quite negligible. In 
measuring 100^, ^=4.35, and the correction must be less than '6. Hence 
the magnetic resistance is less than '06, or less than 1-5 per cent oi^. 
But inasmuch as the apparatus is primarily intended for temperatures 
greater than 350°, where ^ >20o, it follows that the magnetic resistance 
is usually quite negligible. A little care in the magnetization of the 
needle will produce the astatic condition much more fully than was done 
in the above experiment. The same relations apply for finer fibers, 
where twists are larger. 

A few examples of the deflection J) for lOOo at the hot junction, in 
case of a thick platinum fiber (diameter .0055 centimeter), and variety 
of different magnetic fields may be added. 



Factor. 


n 


Remarks. 


-893 
3-45 
3-08 
3-402 


7-235 
7-235 
7-324 
7319 
7-290 
7-276 
7-440 
7-437 
7-434 


^Strong field. Magnetic zero obtained by astaaizing magnet. 

^Astatic needle. Fidncial zero obtained by twisting. 

>Aatatic nee<lle. Coils in its plane. 

fAstatic needle, kept in the plane of the coils bv twisted 
( fiber. 
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It follows finally that in the above instrument thermoelectromotive 
force is expressed only in terms of the torsion of a platinum fiber, sup- 
posing the needles to be so tempered and magnetized as not to change 
their magnetic permanence. Hence thermoelectromotive forces are not 
only expressed in terms of a fixed standard and therefore comparable 
with each ofher after the lapse of time, but the range of measurment is 
enormous. Any temperature between lOOo and the intensest white heat 
may be measured without further adjustment. These desiderata, added 
to the convenience of manipulation, and the strength of the instrument 
against wear and tear, constitute the advantages of the galvanometer 
described. 

In the practical form of this apparatus the torsion circle need not be 
more than 6 inches in diameter, accurately divided into degrees. The 
alidade should be provided with a lens. A silk fiber suspension may- 
be put in the ease xy^ so that the needle may at any time be unhitched 
from the i)latinum fiber, and attached to the silk fiber. A magnetic 
position of equilibrium parallel to the coils is tlius easily obtained. 

Inasmuch as both the internal resistance of the coils, the magnetic 
movement of the iieetlles and the elasticity of the platinum fiber change 
with temperature, the torsion galvanometer has a notable temperature 
coefl&cient. This, however, is determined at once by measuring the 
same temperature (hot junction) at two different temperatures of the 
galvanometer. The boiling point of mercury is a convenient datum for 
this purpose. Changes of temperature at the galvanometer are to be 
guarded against by placing a thermometer in the case. 

7. Cold junction. — From what has been stated, if i> be the amount of 
torsion corresponding in a given instrument to the temi>eratures T and 
t of the junctions of the given thermocouple, 

j)=a {T—t)+b('P—t^) (1) 

Again \f d=:a (t—'20)+b {t^—20^) (2) 

D,o= i>+^=(i {T—20)+h (T2— 202) (3) 

Hence a small table corresponding to equation (2) is to be computed, 
from which the value of d for each value of t between l()o and 35^ may 
be taken. A short preliminary calibration suffices for this purpose. 
In this way the observer may at once deduce i>2ofrom i>, where i>2o is a 
function of T the temperature of the hot junction only. 

By aid of the boiling points of water (100°), mercury (357°), sulphur 
(4480), cadmium (780^), zinc (930o), bismuth (1,500°), the quantity D^o 
may then be giaphically constructed as a function of T, and the points 
between consecutive boiling points filled in by equation similar to (1). 

From a chart of this kind the temperature T, corresponding to any 
degree of twist i>2n, may be taken with facility. 

OBSERVATIONS. 

8. Mercury. — In the above apparatus the normal boiling point of 
mercury is sharply determinable; but there is considerable difficulty in 
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determining the low-pressure boiling points. Unless the heat be regu- 
lated to a nicety the lower layers boil under the pressure of the upper 
layers. Again, since the agitation of the liquid nearly ceases in ap 
proximate vacuo, a flame of moderate intensity presupposed, the rate 
of evaporation is retarded in relatively greater degree. In the case of 
a liquid of small specific heat, films ^of which do not adhere readily to 
glass, it is therefore to be suspected that both liquid and vapor will be 
superheated. On the other hand, if the flame of the burner be intensi- 
fied so as to produce violent ebullition at low i)ressures, the liquid can 
be superheated to such an extent that its direct radiation on the junc- 
tion of the thermocouple may heat it as much as 10° above the boiling 
point. 

Accordingly I was not surprised that the temperatures obtained in 
the static method by llegnault, Hagen, Hertz, Ramsay and Young^ 
are as a rule below the corresponding boiling points of the present 
dynamic method. It is only by taking great pains in the adjustment 
of burner and apparatus that my temperatures began to coincide with 
those of Regnault. But this nice adjustment introduces arbitrary con- 
ditions; hence low pressure mercury boiling points are to be rejected. At 
high pressures the unsatisfactory circumstances mentioned fall away; 
and the rate at which boiling point changiBs with pressure is enor- 
mously smaller. 

In the following tables, 1 and 2, 1 give instances of my results. The 
data of Table 1 were obtained at an earlier date, before I became aware 
of the grave difl&culties encountered. T is the boiling point for the 
pressure P, in centimeters of mercury : 

Table 1. — Boiling points of mercury {superheated) 



p 


T 


P 


1 
T i 

1 


P 


T 


cm. 


°C. 


cm. 


°0. 


cm. 


°0. 


44-2 


330 


•5 


194 


0.3 


198 


37-5 


325 


6-4 


256 1 


0.3 


184 


17-5 


290 


12 


280 


0.1 


183 


1-0 


195 


25-2 


310 






0-7 


190 


47-6 


336 , 






0-5 


170 


76.2 


350 






13-3 


279 


•2 


199 






24-4 


304 




1 







In the following table are later results, obtained with great care, rel- 
ative to the conditions stated at the outset of the present paragraph. 
The agreement with Eegnault's data is very much better, but the tem- 
peratures are still high, particularly in the region of low pressure (cf. 
Fig. 2). 2>2o, the twist corresponding to T, has been added, to show the 



I Ramsay and Young; Jour. Chem. Soc.,vol. 49, p. 37, 1887; Landolt ami Boernstein's tables, p. 56, 
Berlin, Jalius Springer, 188J. I may advert in passing to a discussion between Messrs. Ramsay and 
Young and Kablbaum. The former, corroborating Regnault's law, maintain that vapor tensions, 
whether obtained by static or dynamic mode of measurement, are identical. Eahlbaum believes that 
he haa found a difference. Cf. Beiblatter, vol. 10, 1886, p. 485; ibid., vol. 11, 1887, pp. 88, 430. 

Bull. ll;3 a 
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delicacy of the apparatus, PL II, p. 14. Twist is expressed in degrees 
of arc : 



Table 


2.— Boiling points of mercury (superheated). 


P 


D^ 


1 
T 


P 


^to 


T 


•1 


8-10 


164 • 


•2 


8-40 


168 


-2 


8-10 


164 


•3 


8 '28 


166 


•2 


8 11 


165 


-5 


8*49 


170 


2-6 


11-43 


216 


2-0 


10-84 


208 


2-7 


U-58 


218 


2-3 


11-25 


214 


2-7 


11-62 


219 


5 2 


12-93 


239 


4-5 


12-22 


228 


9-9 


14-98 


270 


4-6 


12-23 


229 


9-8 


14-87 


268 


12-6 


15-44 


276 


17-2 


16-24 


288 


12-5 


15-43 


276 


17-4 


16-23 


288 


20-7 


16-90 


297 


31-5 


18 07 


313 


20-9 


16-95 


298 


31-8 


18-10 


314 


29-4 


17-75 


308 


50-3 


19-69 


335 


29-4 


17-74 


308 


50-5 


19-74 


335 


47-3 


19-58 


334 


76-43 


21-484 


358 


48-0 


19 65 


335 








48*5 


19-75 


336 








76-43 


21-323 


357 









9. iSteipAttr.— The behavior of sulphur is peculiar.- Ou removing the 
pressure to about I*'™, the substance soon passes into the treacle state, 
and the full ebullition observed under atmospheric and other pressures 
changes into a sticky frothing. 

Exact temperature data can not, therefore, here be expected. The fol- 
lowing table (3) is an example of the earlier results obtained: 

Table 3. — Boiling points of sulphur. 



p 


T 


P 


T 


P 


T 


cm. 


°a 


em. 


°C. 


em. 


°a 


•0 


218 


4-8 


298 


21-2 


374 


•0 


205 


7-0 


316 


39-8 


410 


2-4 


263 1 

1 


11-2 


337 


76-0 


448 



The following table contains results of a later date, obtained by tak- 
ing great care in guarding against superheating: 

Table 4. — Boiling points of sulphur. 



p 


l>w 


T 


T 
Renault. 


P 


Dm 


T 


T 
RegnauU. 


55-36 


26-57 


428 


429 


4-06 


16-80 


295 


305 


55-41 


26 -59 


429 


429 










54-75 
48-30 


26-49 
25-87 


427 
420 


428 
422 










30-69 


23-65 


389 


396 


47^8 


25-64 


416 


421 


30-70 


23-65 


389 


396 


37-59 


24-51 


402 


407 


13-01 


20 18 


342 


354 


37-57 


24-39 


309 


407 


12-93 


20-18 


342 


354 


28-67 


23-44 


386 


393 


5-61 


17-28 


• 302 


317 


28-80 


23-51 


387 


394 


5-91 


17 51 


305 


320 


20-68 


22-23 


. 370 


376 


6-14 


17-62 


306 


321 


20-70 


22-25 


370 


376 


3-2t» 


15 55 


278 


295 


14-37 


20-76 


349 


358 


3-44 


15-51 


277 


297 


14-49 


20-73 


348 


359 


-75 


10-76 


206 


252 


11 15 


19-66 


355 


346 


105 


11-33 


215 


*200 


11-25 


19-77 


336 


347 


1-39 


11-85 


223 


*266 


6-11 


18-05 


313 


321 


1-67 


11-21 


228 


*275 


6-35 


18-20 


315 


323 


75-84 


27 -976 


446 


448 


6-55 


18-30 


316 


324 


75-87 


27-999 


448 


448 



* Sulphur sticky. 
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These results agree fairly well with those of the earlier table. I hate 
adde4 the values of T, exterpolated graphically from Eeguault's data, 
by aid of the Dupr^-Bertraud equation. (Of. § 14.) 

Log i)=19-10740— 4684-49/^-3-404:83 log ^, which holds between 
^=663 and ^=843 absolute degrees centigrade^ It will be seen by 
comparison of my values with the data predicted by this formula that 
it is much in error at low pressures. The divergence is largest in the 
neighborhood of ll*'™, and is here greater than 10°. 

10, Zinc, — The following table contains data of four sets of experi- 
ments for zinc. The first of these were made in the glass tube (Fig. 1) 
at low pressures. Although in this case there was considerable volatili- 
zation, I did not observe any ebullition. lu the table, the result marked 
♦ is the only datum of this work inserted. Change of temperature with 
pressure was not very obvious. 

The remaining data of this part of the table are legitimate. The 
criterion of a boiling point is change of temperature with pressure. In 
the second and third parts of the table I aimed at greater accuracy. 
Each of the values given is a mean of two or three distinct measure- 
ments; t refers to a low position, J to a high position of the thermocouple 
in the central tube (see Fig. 2). 

Table 5. — Boiling points of zinc. 



p 


T 


P 


T 


P 


T 


cm. 


0(7 


em. 


°C 


cm. 


°G 


10 


*582 


4-2 


710 


2-6 


675 


4 


710 


3-5 


699 


6-7 


731 


6-5 


732 


2-8 


684 


15-8 


792 


9-6 


757 


6-2 


736 


26-4 


833 


10-1 


772 


9-9 


758 


37-5 


864 


15-6 


785 


16-6 


802 


47-3 


884 


27 l 


837 


26 4 


838 


57-0 


904 


34-5 


857 


36-8 


863 


65-4 


916 


42-5 


873 


47-7 


884 1 


77 1 


933 


53-5 


897 


55-7 


900 






76-4 


933 


65-3 
77-3 
77-3 


914 
1928 
t922 







11, Cadmium, — The first part of Table 6 contains results obtained 
in a glass tube. Ebullition in vacuum was obvious. But inasmuch as 
the limit of the power of the ring burner was not much above 500°, 
the remaining thermal data are too low. 

The experiments of the second and third parts of this table were 
made in the porcelain crucible. They are legitimate, change of tem- 
perature taking place with every change of pressure. I was unable to 
make the crucible satisfactorily tight, so that mean values of fluctuat- 
ing pressure had to be made use of. Again cadmium is more easily 
superheated than zinc; so that the present temperatures are probably 
high. 

* I computed the inferior prolongatiou of tbo curve and plotted tlie results. From tlio chart the 
ralaes of T were taken to a high degree of accuracy. 
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Xt^P^NaWow oi Wi^ ^.x-petiment failed in consequence of breakage of 
the crucible. It is interesting to note here that if zinc boils at 930^, 
cadmium will boil at a temperature not much below 780o. 

Table 6. — Boiling points of aidmium. 



p 


T 


P 


T 


P 


r 


em. 


°C. 


cm. 


^a 


em. 


°c. 


•00 


444 


2-2 


549 


6-3 


606 


2-75 


526 


2-5 


552 


8-4 


622 


5-25 


549 


2-6 


565 


22-6 


686 


7-70 


562 


3-2 


574 


27-4 


704 






7-5 


620 


34-2 


722 






10-5 


639 


51-0 


752 






15-7 


667 


56-3 


760 






18-9 


681 


63-6 


770 






26-2 


702 


65-6 


772 






29-2 


706 


75-5 


786 






35-5 


724 


75-5 


788 






38-1 


729 : 


75-5 


781 






48-9 


745 










1 51-7 


750 1 


1 








1 62-4 


760 1 










J 64-4 


766 










1 65-6 


766 










75-6 


772 










75-6 


770 




1 






75-6 


774 

1 




1 

t 

1 



1J2. Bismuth. — ^Table 7 contains results for bismuth. In the first part 
of the table temperature does not change with pressure, hence a boil- 
ing point is not reached. In the seox)nd part of the table tempeniture 
certainly oscillates with pressure, hence the temperature correspond- 
ing to the lower values of pressure (3 to 4 cm.) are boiling points. 
The temperatures corresponding to the higher values of pressure (9 to 
10 cm.) are below the corresponding boiling points, for I found that on 
further increasing pressure, the temperature did not increase. These 
temperatures are therefore at the hmit of the heating power of the 
furnace. At least five minutes must be allowed for each observation. 
The top of the crucible, moreover, should be filled with asbestos, to 
diminish loss of heat by radiation. 

Table 7. — Boiling points of hi^niuth. 

j i ' 

P. T. Remarks. 



P. 


T. 


em. 


00. 


2-6 


1152 


5-8 


1164 


2-6 


1165 


8 1 


1182 


8-8 


1186 


2-7 


1183 


9-8 


1194 


2-4 

i 


1186 



cm. 


0(7. 


3-2 


1199 


8-6 


1211 


9*7 


1207 


3-2 


1206 


3-7 


1222 


4-2 


1215 


8-7 


1247 


3-9 


1213 


3-4 


1204 


9-5 


1236 


3-4 


1207 


4 


1217 


9-7 


1260 


3-4 


1206 


3-9 


1221 


9-6 


1258 


3-3 


1215 


4-2 


I2:u 



Flaiue intensifieil. B. I*, criterion Hatisfietl. 



i Limit of the heating power of the burner. 
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' 13. HcmaTlw.— \wt\i^ above, tables, 1 to 7, the critei'/on of boiling point 
has therefore been change of temperature with i)re8sure. When this 
was not observed, the data were rejected. The method of obtaining 
low boihng points from the liquid is doubtless objectionable, because 
^ of the liability to superheating. In special measurements made with 
zinc,^ however, I found that the error thus introduced is negligible. 
There seems to be less superheating in case of metals and high temper- 
atures, supposing the temperature of the environment to be reasonably 
near the boiling point (100^ or 200^ above it). In case of bismuth and 
metals of higher boiling points, the difficulties of experiment are such 
that I do not think a low pressure vapor bath is feasible. 

In regard to the crucible used, I may remark that experimentation 
will be much facilitated by using tubular forms made in a single piece. 
In this case the trouble experienced in calking the joint of Figure 1 
will be obviated. The metal, previously granulated, may easily be in- 
troduced through the tube A, In this case I have no doubt that very 
hi^^h vacua at white heat will be attainable. It is advisable, moreover, 
when very high temperatures are to be reached, to place the crucible 
and lid wholly within the furnace, allowing only a narrow tube to pro- 
ject out of it. 

INFERENCES. 

i4. Available equations, — Equations for expressing vapor tension in 
ternfs of temperature have been invented in great number, and among 
them the simple form of Magnus and the more elaborate exponential 
devised by Biot and used by Eegnault are given in most text books. 
A remarkably close fitting exponential is investigated and tested by 
Bertrand.'^ Quite recently M. Ch. Antoine ^ has proposed and applied a 
new form. Following the early suggestions of Bertrand * and of J. J. 
Thomson, * I have used the equation of Dupr^,^ 

]ogp=A—B / 6-- Clog 6 (1) 

inasmuch as J. J. Thomson has, given it an independent interpretation. 
The meaning of the equation is clearer in the difterential form: 

dp /d0=:—p (CI e—B 16'') (2) 

or 

6^ 1/B 

^^l<'P=J-l^C/Ii)(i- (^) 

with reference to which it is to be observed that (7 / ^ is a small quan- 
tity (about 1/1000). 

» Bull. TJ. S. Geol. Survey, No. 64, p. 109. 

'Bertrand: Thermo dynamique, pp. 154 to 162, Paris, Gauthier-Viliara. 1887. 

«Ch. Autoine: C. R., cvn, p. 681, 1888; ibid., pp. 778, 836, 1888. 

-* Bertrand: loc. cit. p. 90 to 102. 

'J.J. Thomson: Applications of dynamics, etc., p. 158, Macmillan, 1888. 

*I>apr6: ThSorie m^canique de la chaleiir, pp. 96 to 110, Paris, Ganthiers-Villars, 1869. 
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15. Constants computed. — Applying equation (1) to the results of the 
tables 1 to 7, 1 found the following set of values by direct computa- 
tion : 

Table 8. — Constanta, A, B, C, variable. 



Motal. 



Mercury . 
Snlphar. . 
Cadmiam 

Zinc 

Bismuth . 



A 



+ 3-583 
— 36-9«9 
—30-567 
+42-265 

+24-774 



O 



+3084 
— 3661 
+ 1391 
+11435 
+13495 



— 11371 
—13066 
-11180 
+10022 
+ 4-763 



These results are grossly irregular, even as to sign. This might have 
been expected. To get comparable values for constants* the observa- 
tions in case of complex equations must either be very fine or in great 
number. Other direct methods gave similarly irregular constants, 
which need not be entered liere. Nothing can be learned from them. 

Bearing in mind, therefore, that it is my object to detect possible 
relations, and that my high-temperature boiling points are necessarily 
somewhat crude, I will facilitate preliminary computation by observing 
that in Dupr6's data the prevailing value of A is nearly 20. Putting 
4=20 the following set of constants were obtained, in which, of course, 
there is greater degi*ee of uniformity. Water has been added from 
Dupr6; 

Table 9. — Constanta. B and C, tJariable. 



Substanoe. 



Water . - , 
Mercury . 
Sulphur. . 
Caaraium 

2iinc 

Bismuth . 



A 


^ 


20-324 


2795 


20 


4345 


20 


4379 


20 


7467 


20 


8433 


20 


12561 



3*868 
4-013 
4-217 
3-643 
3603 
3-456 



The results of this table are encouraging. From an inspection of 
the constants I was led to suspect better agreement in making con- 
stant and A variable. This step is further suggested by assuming, 
conformably with the indications of table 9, that for any two sub- 
stances, 8 and 8', the boiling points, o and 0', corresponding to a given 
l)ressure,i), will follow the relation B / B'=o j o'=.ny where n is constant 
for the given pair of substances. This virtually postulates a funda- 
mental equation of the form (1) from which all others are derived by 
substitution, as follows: 

\ogp=A-B/9-G logs (1) 

=A—nB/ne- C log nO+G log n 
=A'-jB7^'- C log 6>'. (4) 

The constants of Table 10 are obtained by supposing G to be constant 
for all the substances. As to the choice of a value, I noticed that the 
mean G of Table 9 is almost identical with Dupre's G for water. Hence 
it was chosen. 
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TKBiittlO. — Goi^^XqMb a and By variable. 




A ' B 

1 . 





Water 


19-324 i 2795 
19-029 4396 
19 -776 4458 
20-63 7443 
20-98 8619 
21 -51 12862 


3-868 
3-868 
3-868 
3-868 
3-868 
3-868 


Mercnrv 


Snlphar 


Catuninm '. 


Zinc 


Bismuth 





The constants might be much improved by successive trials; but fur- 
ther work would be wasted. 

16. Graphic representation, — In order to clearly exhibit the point of 
view I have taken, it will be necessary to plot these results graphically. 
This is done in Plate III, in which the abscissae are pressures in centi- 
metres of mercury and the ordinates boiling x)oints in degrees centi- 
grade. 

The curves passed through the observations are computed for the 
constants of Table 8. Some points comput^jd by Table 9 are marked; 
points computed by Table 10 are also marked. The agreement of ob- 
served and computed results is quite within the errors of observation, 
as will at once be evident from an inspection of the chart. In case of 
mercury I have added the vapor tension results of Eegnault, showing 
that they are uniformly lower than the present data. The reasons have 
already been given in § 8. 

The results for bismuth are particularly interesting. Unfortunately 
it was impossible for me to calk the crucible tight enough, in order 
thatrthe low-pressure boiling point of bismuth might overlap the nor- 
mal boiling point of zinc, which limits the calibration interval of the 
thermo-couple. The chart shows that the interval of extrapolation is 
about 270°. This makes the bismuth results less certain. For this 
reason, perhaps, the normal boiling point of bismuth, as deduced by 
Groshan&'s principle is too high, beinglSSO'^. Carnelley and Williams,^ 
using a calorimetric method, obtained only 1450° as their maximum 
value. It is probable, however, that the radiation errors in Carnelley 
and Williams's experiments would tend to make their data too low; 
nor have they any sure criterion that ebullition had actually set in. 
In experiments of my own,^ using a Fletcher furnace with three blast 
burners, I signally failed to boil bismuth in a number of trials. The 
boiling-point criterion in the present results is beautifully exhibited : 
"When pressure increases the group of points B on the chart pass into 
the group of points A; hence the group B are boiling points. When 
l)ressure increases further the group A does not increase in tempera- 
ture; hence group A are not boiling points, but merely indicate the 
maximum heating power of the furnace. 

17. Conclusion. — I am perfectly aware that the method pursued 
above, ill endeavoring to reach perspicuous results, is forced. Ber- 

1 C.irncllBy ami Williams, Jourii. Choiu. Soc., Loudon, vol. :J5, 1879, p. 565. 
» Bull. U. S. G. S., No. 54, pp. 116-118, 124. 
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traiul computes the coiistawtsof Dupre's formula for 16 substances, and 
shows its admirable agreement with the observed data throughout. 
But the constants in such a case vary largely: A between 4 and 21 
(pressures being expressed in centimeters of mercury); C between— 9 
and + 5. In any such grouping of constants as I have attempted, the 
• agreement of the formula would therefore be lost. It is worthy of re- 
mark, however, that in 10 out of the 16 substances A lies between 15 
and 21*5, and in one-half of the substances G lies between 3-2 and 4*2. 

When, however, the errors left in any attempt to giou]) the con- 
stants are considered, not so much with reference to the snuill range of 
temperatures of a single substance, but rather with regard to the rela- 
tively enormous range of temperatures exhibited by these phenomena 
as a whole, and by a diagram, such as PI. Ill, for instance, then the er- 
rors in question assume much smaller importance. In the above pages 
I have presumed to believe that at the outset the wide temperature 
comparison is the one which ought lirst to be made, and some funda- 
mental relation applicable to the whole range of temperature investi- 
gated. After this has been done, the said relation may then be modified 
to suit the individual and exceptional case. » 

I can state this more clearly as follows : Groshans's derivation of his 
principle is sufficiently simple ; for, if vapors have identical coefficients 
of expansion, 1/273, say, and their densities be expressed relatively to 
the density at the normal boiling i>oint in each case, then the ratio 
of absolute boiling temperatures corresponding to any two given pres- 
sures will be the same for all vapors. This inference is incorrect just 
in proportion as the application made of the Boyle-Charles law is 
incorrect. 

However, Dupr6 in deriving his forjnula. makes virtually the same 
assumption.^ Again, J. J. Thomson^ introduces Boyle's law into the 
mean value of the Lagrangian function investigated for the present 
phenomena. Inasmuch, however, as the forms of two arbitrary func- 
tions have here to be determined by experiment, the insertion of Boyle's 
law suffices Thomson's purposes. Following the model of his work, I 
hoped to find some suggestion as to the modification of Dupre's equa- 
tion, such that it may be the outcome of an original type for all sub- 
stances, by inserting Van der Waals's law,2)=:JK0/{iJ— ft)— «/v^, instead 
of Boyle's law into tlie proper term. It seemed plausible that Dupre's 
equation could thus be corrected by aid of constants, the molecular 
interpretation of which has already been given by Yan der Waals. 
Performing the operations, I find, rigorously, 

where a and b are Van der Waals's constants. This equation, though 
capable of simplification, essentially involves C, and is therefore not 
suggestive. 

iBertrand: loc. cit., p. 101. 'Thoinson: loc. cit., p. 158. 
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CHAPTER IT. 

THE CONTRACTION OF MOLTEN IGNEOUS ROCK ON PASSING 

FROM LIQUID TO SQLID. 

INTRODUCTORY. 

18. The rock, — The following volume measurements were made for 
Mr. Clarence King, on a sample of diabase wbicli he furnished. The 
object thus far is to develop the general character of the expansion 
phenomenon, and for this reason a fusible rock, without action on hot 
platinum, was selected. In future researches, graded rock magmas, 
passing from extreme acid to extreme basic, will be operated on^ 

19. Literature. — The importance of the question is well known, but a 
literary discussion is superfluous here, since Prof. F. Niess^, of Hohen- 
heim, not long ago made a careful survey of all that has been done on 
the subject. The reader desiring specific information is referred to this 
interesting pamphlet. ^^ Es ist ein durch Coutraste buntes Bild,'' says 
Prof. Kiess (loc. cit., p. 36), " welches in der vorstehenden Ci tatenlese dem 
Leser zu entrollen war, und aus dem Wirrwarr entgegengesetzter An- 
sichten heben sich nur zwei Korper: Wismuth und Eisen, heraus, iiber 
welche man wohl mit absoluter Sicherhcit die Acten als geschlossen 
bezeichnen kann, und zwar in dem Sinne, dass fur sie die Ausdehnung 
im Momente der Verfertigung als zweifellos bewiesen gelten kann. Die 
Ubrigen iVIetalle stehen noch im Streit,und fiir sie gilt das Gleiche was 
wir fur die kiinsthchen Silicate zu fordern hattcn ♦ ♦ ♦" Now, iron, 
in virtue of the occurrence of recalescence (Gore, Barrett), is scarcely a 
fair substance to operate upon, and it heightens the confusion to find 
that Prof. Niess, after carefully weighing all the evidence in hand, is 
obliged to conclude that rocks expand on solidifying. 

The present experiments show beyond question, I think, that at least 
for diabase this is not true. 1 find that this rock not only contracts 
between 3.5 to 4 per cent on solidifying, but that such solidification is 
sharp and only apparently continuous, and that the fusion behavior 
throughout is quite normal in character. Hence with certain pre- 
cautions which I shall specify in the course of this paper, §21, the 
volume thermodynamic relations which I deduced by acting on organic 
bodies may be applied to rock magmas. 

20. Effect of fusion {polymerism). — The rock after fusion is changed 
to a compact black obsidian and quite loses its characteristic structure. 



iNiess: "ITeberdas Verlialten der Silicate, etc.;" Programm ziir 70. Jahresfeier d. k. Wiirtemb, 
landw. Aoademie. Stattfrart, E. Koch, 1889. 

25 



26 



FUSION AND PRESSURE. 



[BULL. 103. 



It was therefore important to exainiue the volume relations of this 
change preliminarily. This is done in Table 11, where the densities 
obtained with lumps of the rock (mass itf ), at the temperature f, are 
given, A being the density before, d' after, fusion. 

Table 11. — Density, /d, of the diabase, before and after fusion. Massive pieces (not 

ground). 

A— BEFORE FUSION. 



Sample 
No. 


M 

22^8950 
45 -3654 
54 -7208 
60 -4940 


t 


D 


m 


d 


A 


A— A' 


Remarks. 


A 


I 

II 

III 

IV 


25 
21 
21 
21 


1 




3 0161 





• 


1 




30181 

3-0136 

3-0235 


• 








1 






...... 



B.— AFTER FUSION. 



I 
II 

ni 



60 -9330 
33 -7659 
29-9777 



21 
19 
19 



3 -5013 
3-5496 



11 -1686 
11 -2712 



21 -021 
(21 -00) 



2 -7018 
2 -7447 
2-7045 



•104 
•090 
-103 



( Fnsed in clay cruci- 
< ble. Lump uroken 
(out when cold. 

( Fusod in a plati 
I num crucible. 



The rock was fiised both in clay and in platinum crucibles. In the 
latter case the density d of the known mass m of the platinum crucible 
had been previously determined, and D denotes the observed density 
of molten rock and crucible together after fusion. In the case where a 
clay crucible was used, this was broken away from the glass within 
and the density of the solid lump (glass) then measured directly. 

A few small air bubble cavities were visible on the fresh fractured 
surface of the glass, due, I presume, to the possibility thai} most rocks, 
like most organic liquids, hold gases in solution, which separate on 
solidification. At some other time I will make sharp vacuum measure- 
ments of the density of ground powders both of the rock and of the 
glass, but I do not believe the results of Table 1 will be seriously 
changed by such a test. 

From Table 1 it appears that the mean density of the original rock i& 
3-0178. That of the glass after fusion is 2-717, showing that the result 
of fusion has been a volume increment of 10 per cent. This remarkable 
behavior is not new nor isolated. Niess (1. c, p. 47), quoting from Zir- 
kel's Lehrbuch, shows even more remarkable volume changes of the 
same nature in garnet, grossularite, vesuvianite, adularite, orthoclase, 
augite; but I doubt whether the great importance of this behavior ha» 
been sufficiently emphasized. Suffice it to indicate here that it makes 
an enormous diflference into what product the magma is to be conceived 
as being solidified, and that throughout this paper the molten rock solid- 
ifies into an obsidian. I am really only determining, therefore, those 
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volume changes wliicli lie at the margin, as it were, of the more pro- 
found but. chemically structural volume change, which latter may be 
reasonably conceived as producible by pressure alone under conditions 
of nearly stationary (high) temperature. 

I may add in passing that, from the magnitude of the chemical change, 
I shall carry my work on the eflfect of pressure on chemical equilibrium 
of solids and liquids and on the solution behavior "solid-liquid" into 
greater detail than I have hitherto attempted.^ 

APPARATUS. 

21. Temperature measurement — In work of this kind, an apparatus 
for the accurate measurement of high temperatures is the fundamental 
consideration. I may, however, dismiss this subject briefly here, since 
I discussed it elaborately in Bulletin No. 54, U. S. Geological Survey. 
The temperature measurements of this paper were made with thermo- 
couples of platinum and platinum with 20 per cent of iridium, and they 
had been frequently calibrated by aid of the i)orcelain air thermometer 
within an interval of llOO^ and tested for freedom from anomalies be- 
yond that interval. Eeference to the bulletin cited will show bow 
thoroughly reliable this thermocouple is. Inasmuch as the process 
consists in expressing thermoelectric force by aid of a zero method in 
terms of a given Latimer Clark cell, the temperature apparatus is ot 
the same order of constancy as to time as the standard cell. 

In order to find, however, how far this work was trustworthy after 
a lapse of more than four years since it was done, I made fresh check 
measurements of the boiling points of mercury and of zinc. The latter 
need only be cited here. My original datum of the boiling point of zinc 
expressed as thermoelectric force for the couples under consideration 
was ^20 = 11,074 microvolts, the cold junction being at 20° C. The new 
experiments referred to gave me data as follows : 

Microvolts. 

Thermocouple No. 35 C;:o = 11, 168 

No. 36 =11,127 

No. 39 : =11,116 

No. 40 =11,136 

Mean ; =11,137 

agreeing very closely with two subsequent, specially careful measure- 
ments, viz : 

MicroYolts. 

No. 36 e,o = ll,131 

No. 39 =11,134 

Thus the difference of values new and old is only 60 microvolts about 
i per cent as regards electromotive force, corresponding to some- 
thing over 4P at lOOO^. In view of the excessive use and abuse to 

»Ara. Joamal, vol. 37, p. 33J, 18>ia; ibid., vol. 38, p. 4u8, 1889; ibid., vol. 40, p. 219, 1890; ibid., vol. 
41, p. 110, 1891; ibid., vol. 42, p. 46 et seq., 1891 ; Phil. Mag., (5), vol. 31. p. 9, 1891. 
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which the couples had been put in the meantime, this result is iu itself 
gratifying. 

Endeavoring to find, however, where this discrepancy was to be 
sought, I also made fresh comparisons between the Latimer Clark 
standard and a normal Daniell of my own (bulletin cited, p. 100), in 
which the two cells are separate and only joined (with zinc sulphate 
solution) during the time of use. Supposing the Latimer Clark cell to 
have remained (constant the succession of following values was found: 

March, 1886, 20^ C, I.. C, e = 1 -435 Daniell, e = 1 -138 

August, 1887, 28^ C, 1 -435 « 1 -139 

September, 189JI, 27^ C, 1 -435 1 -147 

If, therefore, instead of regarding the L. 0. cell constant, I had as- 
sumed the Daniell as constant^, the tliermoeleqtric diflPerence for the 
interval of four years would be wii)ed out. Now my L. C. cells were 
made by me in 1883, when less was known about the subject than is now 
available ^. I conclude therefore that the discrepancy is very i>rob- 
ably in the standard cell employed and that my thermocouples have 
remained absolutely constant. 

Apart from this, the new standardization by aid of the boiling ix)int 
of zinc fixes the scale irrespective of surmises or hypotheses, assum- 
ing that zinc boils at 930o. 

22. Oeneral disposition of apparatus. — This is given in PI. lY, on a 
scale of ^, where figures 1 and 3 form a sectional elevation showing the 
parts chiefly with reference to their vertical height, and figure 2 a sec- 
tional plan in which the parts are represented with reference to the 
horizontal. 

The molten rock ZZ contained in a long cylindrical platinum tube, 
largely surrounded by a tube of fire clay, FF^ is fixed vertically in a 
long cylindrical furnace, 7)7) LL. The heat is furnished by six burners, 
BBj fed by gas and an air blast laden, if need be, with oxygen. These 
burners are placed at equal intervals along the vertical, three on one side 
and three on the other (PI. IV, Fig. 2), and set like a force couple so 
as to surround the platinum tube with a whirlwind of flame. Suitable 
holes are cut in the walls of the furnace for symmetrical insertion of 
the insulated thermocouples, T, and also at 6', for fixing the sight tubes, 
Aj near the toi) and the bottom of the furnace. Parts of tlie envelopes 
of the platinum tube are cut away, so that its upper and lower end can 
be seen in the telescope of an external cathetometer. Thus the expan- 
sion of the platinum tube is measured directly. A vertical micrometer, 
Kkdj PI. IV, Figs. 3 and 4, insulated so as to admit of electrical indica- 
tions of contact, furnishes a means of tracing the apparent expansion 
of the rock ZZ. 

In principle the operations are so to be conducted that under the 
conditions of slow cooling the magma may be relatively much less 



* Our laboratory affords no means for the direct nicasuronient of electromotive force. 

*See Lord Ragleigli in Phil. Trans., June, 1884, and Jan., 1886; also Carhart, Am. J. Sci., Nov., 1884. 
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viscous than the practically rigid platinum envelope throughout 1#ie 
work. 

The furnace stands on a massive iron base perforated with eight holes, 
into which vertical iron uprights are screwed, symmetrically surrounding 
the furnace and at a distance of 4 or 5 centimeters from its circumference. 
Only one of these is indicated, in part, at QQ^ in PI. IV, Fig. 3, the 
rest with other subsidiary parts being omitted to avoid confusing the 
figure. Two of these uprights hold the vertical micrometer, two others 
hold the burners in place. To the fifth the sight tubes are adjustably 
attached, to the sixth the thermocouple insulators are clamped exte- 
riorly to the furnace, and the remaining two fix the clay holders H^ R, 
by which the tube FF is adjusted vertically. All of these uprights are 
lioUow, and a current of water continually circulates through them with 
sufiBcient rapidity to issue finally still cold to the touch. In this way 
t}he observer is able to move and change the accessories of the furnace 
with comfort even when the temperature within is maintained at 1500o. 
^ single stream of water is sufficient, the ends of the uprights being 
Joined by rubber tubing, and this same current additionally flows 
through the screen XX of the vertical micrometer and the high vertical 
screen of the cathetometer. 

J23. The furnace. — It should be added to the remarks made in the pre- 
ceding paragraph that all the burners J5, J5, PI. IV, are fed by the same 
a^mount of gas and air by properly branching the large supply tubes. A 
graduated stop cock is at hand for regulating the supply of gas to a 
xiicety, whereas the air blast need not be regulated. Hence the furnace 
is fed with a mixture of gas and air, and temperatures from I6OO0 to 400° 
xnay be obtained by simply making the influx richer or poorer in illumi- 
:nating gas. Burner constructions suitable for this purpose are given 
in Biilletin No. 54, p. 182. For higher temperatures the blast may be 
xiade richer in oxygen, but Wiave thus far had no need of doing this. 
The products of combustion are carried off by the two oblique tubes 
JEj E^ in the Ud LL. Note that the water screen bends around the ver- 
idical micrometer in such a way that flames issuing from E can do no 
injury. The central narrow hole in the lid X, through which the end 
piece dd of the micrometer passes, is closed by a free plate of fire clay 
mm perforated so as to surround dd loosely. 

The blast was furnished by a pair of Jarge-sized Fletcher bellows, 
each with three sheets of rubber above the reservoir. These bellows were 
set so as to form a double-acting pump, and actuated by aid of a short 
crank on the axle of a small gas engine. The blast pressure so ob- 
tained is considerable, a requisite in the above instances. It can be 
regulated by lengthening or shortening the crank, whereby the arc 
of reciprocal motion of the bellows is increased, the freciuency remain- 
ing unaltered. The efflux pipes of both bellows discharge into a com- 
mon ga.; pipe leading to the furnace. 

In order to obtain greater constancy of temperature and increase the 
high temperature efficiency of the furnace at the same time, it is es- 
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santial to jacket the furnace, DD^ and lid, LLj externally with a coating 
of asbestos fully ^ inch or more thick. I noted that in these cases the 
clay parts of the furnace became red hot throughout, whereas the un- 
covered furnace is not much above 400° externally. This indicates a 
smaller loss by radiation in the former case. 

2i. Fusion tube. — The platinum tube holding the molten rock, ZZ, 
PI. IV, was 25 centimeters long and 1*5 centimeters in diameter, with 
walls about '02 centimeter thick. It was drawn as accurately cylindri- 
cal as possible, and the bottom was plane and at right angles to the axis. 
To protect this tube from gases and to keep it from bulging in conse- 
quence of the pressure of rock within, the platinum tube is surrounded 
by a fire-clay tube, PI. IV, FFj Figs. 1 and 6, fitting loosely. Care must 
be taken to allow for shrinkage. • Thus a fresh clay tube, after about two 
hours heating at 1500° shrank from a length of 25-4 centimeters to 24*6 
centimeters, i. e., -8 centimeter or more than 3 per cent. This shrinkage 
is permanent and uniform in all directions, and is not, therefore, due 
to viscous sagging; after its full value has been reached, moreover, it 
ceases and the tube expansion is then normal. If properly sustained 
in the furnace the clay tube FF does not bend or warp. The holders, 
which I found very serviceable for this purpose, are shown at if, jff, in 
PI. IV, Figs. 1, 2, and 7. They are made of fire clay and held in posi- 
tion by suitable clamps on the outside of the furnace (not shown). In 
this way the fusion tube is to some extent adjustable. 

The bottom of the tube, FF^ is additionally fixed by aid of a perfor- 
ated fire-clay ring, 00, Figs. 1 and 5, which embraces both the tube, FFy 
and a projection in the furnace, O. 

25* Thermocouples. — These are three in number and inserted through 
the walls of the furnace, JDDj Plate IV, in the positions given at T, in 
Figures 1 and 2. But Figs. 6 and 8 give a fuller account of the adjust- 
ment. The tube, FF^ is laterally perforated with thr^e pairs of fine holes, 
<, *, ty corresponding to the two canals in the insulator, TT. The wires 
of the thermocouple are then threaded tlirough % and the insulator in 
such a way that the junction lies in a small cavity at ^, immediately in 
contact with the platinum fusion tube. A hole is cut in the tube, FF^ 
opposite t (see PI. IV, Fig. 8) and a similar one in the opposite wall of the 
furnace to facilitate these operations, the platinum tube being for the 
time removed. The advantage gained in this way is two-fold, since in 
the first place no part of the wires of the couple are directly surrounded 
with flame, and there is no danger of an accidental contact of these 
wires on the outside of the tube, FF. It is known that in the pres- 
ence of carbon there is danger of passing silicon into the platinum, 
making the metal relatively fusible. Now, even if the hot gases of the 
furnace are reducing, they are to some extent stagnant in the insulating 
tubes, whereas in the flame they are constantly renewed. This I at- 
tribute to the protecting effect of the insulators. 

The cold junctions of the thermocouples terminate in three pairs of 
mercury troughs, insulated by hard rubber, and submerged in a bath of 
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petroleum. With these troughs the terminals of the zero method, § 21, 
are connected at pleasure, so that the temperatures at the top, middle, 
and bottom of the fusion tube are easily determined. Data are given 
in fall below. 

26. Sight tubes. — It has been stated, § 22, that the increase of length 
of the platinum fusion tube, ZZy is to be measured directly. For this 
purpose Grunow's excellent cathetometer is placed on a suitable pier on 
the outside of the furnace, so that the prism of the instrument is only 
about 50 centimetres off from the platinum tube. To obviate the hurt- 
ful effect of radiation, however, a tall, ilat water screen, 30 centimetres 
broad, 70 centimetres long, and 1 centimetres thick, and movable on a 
slide, is placed between fdrnace and cathetometer. Slots closed by 
plate glass are cut through the screen to correspond to the two posi- 
tions of the telescope, and the fdrnace walls, DD, are similarly perfor- 
ated, at 8y above and below (see PI. IV, Figs. 1 and 2), so that the ends 
of the platinum tube may be seen. The top of the latter projects above 
FF; but this tube and the ring, CC, are perforated at 0, as shown in 
Figs. 1, 5, and 6. When the fdrnace is red hot within, the end planes or 
lines stand out very sharply against the red-hot clay background, in 
consequence of a difference in the emissive power of the metal and the 
clay, and hence the measurement is possible with the necessary degree 
of accuracy. 

It is essential, however, to prevent the escape of iiame and gas at 8, 
and this may be done by closing these holes with sight tubes (only 
one of which is shown, A) of porcelain and about 15 centimeters long. 
The outer end of these is ground off square and a plate of plate glass, 
6, held against it by aid of the clamping device, aa. Surrounding 
the porcelain tube, J., with a layer of asbestos, and cutting a thread on 
the inner face of the brass ring, a, the latter may be screwed on to the 
soft asbestos, and then serve to secure an iron ring by aid of two ma- 
chine screws, as shown. The iron ring holds the glass plate, &, in 
place. This joint should be well made, for if there is an escape of hot 
gases here, the glass is apt to break, though I have had no serious 
accident of this kind. At first, drops of water collect on ft, but they 
disappear as the temperature rises. 

J27. Vertical micrometer. — Figs. 3 and 4, PI. IV, give a full account of 
this instrument, both of which are sectional elevations at right angles 
to each other. A good millimeter screw, Kk, plays easily through the 
massive block of brass, FP, and the fixed lock nut, gg^ aud I is the ver- 
tical millimeter scale whereby the motion of the graduated head is 
registered. The block, FFy is bolted down to the thick bridge of brass, 
NN'y by means of the screws R, By and the counter plate UU. The 
ends of iOT are provided with sleeves, pp, and a clamp screw if, so 
that the whole micrometer may slide up or down, or be clamped in any 
vertical position on the uprights, one of which is indicated at QQ. 

It has been stated that the registration of the micrometer is to be 
electric, and hence the screw, Kk, must be insulated. This is done by 



32 FUSION AND PRESSURE. [bull. 108. 

surrounding the screws i?, i^, with a layer w, n, of hard rubber, from 
which the ends alone project, and insulating the plate, PP^ and the 
counter plate of brass UU, by interposed sheets of hard rubber j;, it, 
and the washers g, q. 

In order to provide for a certain amount of horizontal adjustment of 
the micrometer, sufficiently wide slots are cut in the brass bridge JOT, 
(see figures) whereby the phite, PP, may be shifted about 1 centimetre 
in any direction and then chimped in position. 

In view^ of the heat which continually rises from the furnace, a V- 
shaped screen, XX, through which water rapidly circulates, nearly en- 
velopes the micrometer below. Water enters and issues through tubes 

V and Y at diagonally opposite comers of the top of A'A'. Inasmuch 
as the micrometer screw, Kky passes through a narrow hole in the bot- 
tom of XXy this screen must also be capable of lateral adjustment, and 
this is easily accomplished by aid of two vertical screw hangers hy hy 
soldered to XX below and passing tlirough wide slots in Nlf, to which 
they are seemed in any horizontal or vertical position by suitably 
flanged nuts above and below JOT. Thus it is seen tliat the microme- 
ter and its water- screen slide as a single piece along the upright QQy 
an arrangement which greatly facilitates the final adjustment. Q and 

Y are connected by a sufficient length of rubber tube, as is merely in- 
dicated in the figure. There is a like connection on the other side. 

Finally, the end of Kk is prolonged by a straight cylindrical tube of 
platinum ddj which may be fixed to the steel rod Jc by aid of the clamp 
e in any position along the vertical. This tube dd fits the rod k 
snugly, and should it become bent or warped by accidents, a special 
steel rod is provided by means of which it may easily be straightened 
again. 

The lower end of d is clearly visible in the telescope of the cathetom- 
eter through the sight tube A. On being screwed down it enters the 
fusion tube ZZ axially, supposing the micrometer and fusion tube to 
have been properly fixed in i^osition. In how far this has been done 
can always be seen by temporarily removing one of the efflux pipes JS?, 
PL lY, Fig. 4, when the end of the fusion tube and the motion at the lower 
end of d is visible to the eye. On actuating the micrometer head of 
KJcj the lower end of d should show but slight lateral motion in the 
telescope. Usually the tube d, becomes coated with an enamel of 
molten rock, but this is of no consequence, since the increase of length 
is noted in the measurements. 

^8, Telephonic registration, — Since it is the object to find how far the 
meniscus of molten rock ZZj PI. IV, lies below the plane of the top of 
the fusion tube, the moment of contact of ZZ and d is best registered 
electrically. So long as tlic interior of the furnace is red hot, the rock 
is a good electric conductor. Hence, if a current be passed into the 
screw Kkj at the elani]) screw /, PI, IV, Fig. 3, it will issue at tlie bottom 
at the chimp st^rew c, PI. IV, Fig. 1, provided, of course, c be electrically 
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connected with the bottom of the fusion tube. This is easily done by 
placing the fusion tube on a plate of platinum above Gy and connecting 
this with c by means of a platinum wire, as is indicated in the figure. 

It is, however, very convenient to register the contact of ZZ and d 
telephonically, and this may be easily done by using the intermittent 
current of a small inductor like that of Kohlrausch. Contact then 
evokes a loud roar in the telephone, and the observer's attention is 
not further distracted. The adjustment is quite delicate, and if the 
glass ZZ be sticky, the drawing out of a thread is indicated by a grad- 
ual cessation of the noise in the telephone, etc. In fact, the character 
of the fusion may be pretty well inferred in this way. The instrument 
is available almost as far as 400^^ at which time, however, the furnace 
is dark, and cathetometric measurement is no longer possible. 

Care shouhl be taken to secure small sparking distances, for this 
quantity will vary with the temperature of the gas in the furnace. 

If the expansion of the rock be known, and the tube dd sunk deeply 
into the mass, it is clear that the present method admits of a measure- 
ment of the relation of electric resistance and temperature. I mention 
this, believing that a suitable method for temperature measurement 
may be thus available. 

Elsewhere^ I have already speculated on the character of the changes 
of electrolytic resistance referred to temperature. ^ Should a hyberbolic 
law indeed apply, high-temperature measurement would be effectually 
promoted. 

METHOD OF MEASUREMENT. 

29. Consecutive adjustments, — ^Thus far it has been my object to study 
the contraction of rock only. For this purpose the graduated faucet is 
tunied on full and the furnace fired as far as l,400o or 1,500^, when the 
lirst measurements are taken. With this end in view the length of the 
fusion tube is first accurately measured by the cathetometer observa- 
tions at the bottom and the top. The telescope is then left adjusted for 
the top and the vertical micrometer (centrally adjusted) screwed down 
until its lowest point is just i\\ contact with the crosshairs. After this the 
micrometer is further screwed down until the telephone registers a con- 
tact between the meniscus of the molten rock and the platinum microm- 
eter tube. The difference of readings gives the depth of the meniscus 
below the top plane of the fusion tube. I usually repeated this measure- 
ment three times and then raised the micrometer screw again. 

Tliereupon the temperature measurements were made by connecting 
the terminals of the zero method consecutively with the upper, the mid- 
dle, and the lower thermocouple. 

Finally the cathetometer measurements of the length of the fusion 
tube and the micrometer measurement for depth of meniscus were again 
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repeated, tlie latter three times. Properly uniform heating presupposed, 
it was permissible to regard the mean of the two sets of length measure- 
ments as coincident with the intermediate temperature measurement. 

This done, I usually waited ten or fifteen minutes to make another 
complete measurement under better conditions of constant temperature. 

The graduated stopcock was then partially closed by a proper frac- 
tional amount, and after waiting fifteen minutes or more the same 
measuring operations were gone through with as before. 

This I continued until the slag became sticky and solidification immi- 
nent, when longer waiting and greater slowness in changing the tem- 
perature is essential. Fortunately the observer can note the state of 
things very accurately ; for when the point of solidification is approached 
a thread of the magma is drawn out of the fusion tube by the ascending 
micrometer tube until it breaks to form a rounded coating on the end 
of the tube. As temperature decreases, even by small amounts, the 
time that it takes to break and round off increases until finally this 
pulling out of a thread ceases and the enamel on the end of the microm- 
eter tube does not change its form, being solid. It is at this i>oint 
(1,0950) that the marked contraction of the molten mass in the tube 
occurs. /^ 

Having waited long enough for the lowest position of the meniscus, 
temperature may theu be varied in larger steps again. 

When the inside of the furnace has become dark, measurement is no 
longer possible. I then allowed the whole arrangement to cool over 
night, and the next morning determined both the depth of the solid 
meniscus by ordinary contact micrometric measurement, as well as by 
filling the top of the tube with water, and computing its bulk. This 
gives me my fiducial or normal volume. 

To fill the fusion tube with rock at the outset of the work is a tedious 
operation. The material is added gradually in coarse grains, in pro- 
portion as the charge melts down, and after the tube is full some time 
must be allowed to insure the escape of air bubbles. Inasmuch as the 
fusion tube can at first be easily slipped out of its cla>' envelope, it is 
well to pack it as full of rock as possible before heating it. 

30. Computation, — Let the linear expansion of the platinitm fusion 
tube be given by l=lo (l+f{t) ), where I and lo are the lengths at t de- 
grees centigrade and at zero, respectively, and where f(t) is a function 
of temperature. Let X and X^ be the depths of the meniscus below the 
plane of the top of the fusion tube, and v and v^ the volume of the in- 
closed molten magma, at t degrees centigrade and zero, respectively. 
Then if (1 +f(t) Y is nearly enough equal to 1 + 3f{t) ; if the expansion 
constants of both platinum tubes be the same; and if in consideration 
of the small motion of the micrometer txibe and the high temperature 
in the furnace, the air temperature above and outside of the furnace be 
nearly enough equal to zero, since Vt/Vo^ilo—^) (1 +At) )V(^o— >lo). 

(1) {Vt-V,)IVo=:Sf(t)+{X,^k) {l + 3f(t) )/(Zo-^o). 
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Here 3f(t) is directly given after each observation as (h-lo)/loj or it 
may be computed by some smoothing process from all the data as a 
whole. 

The equation therefore gives the actual expansion of the rock in 
terms of unit of volume of solid rock at zero. If this be multiplied by 
the specific volume at zero, the absolute expansion is obtained. 

An inspection of the equation shows that in the factor Ao— A, the 
micrometer value of the lengths A is to be inserted in both cases, sup- 
posing the contour of meniscus to remain similar to itself; whereas in 
?o— Aoj the value of Ao determined from bulk measurements of the space 
at the top of the cold tube is suitable, since the tube is squared off 
below. 

With this it is interesting to compare the results to be obtained in 
case of a float. If JL be the height of the column of magma ; h the sub - 
merged depth of the cylindrical iloat or bucket with ilat base; and if 
^A=At^Aoj dh=:hi — hoj dv^v^—Voj etc., for the temperatures t and to 
respectively, then 

,o^x ^S 6A-6h ^61 dv 

where 6 Hib the rise of the float and I the length of the fusion tube. 
From this equation it appears at once that the float shortens the effi- 
cient length of the tube. Moreover, there is serious difficulty of prop- 
erly determining A in this case. Hence, in view of the capillary and 
other errors encountered by a swimmer in a viscous liquid; the ease 
with which platinum at white heat welds with platinum vitiating the 
forms of both tube and swimmer; the tendency of air bubbles to accu- 
mulate around the latter and the probable utter failure of this method 
ill indicating the passage from liquid to solid, induced me to prefer the 
other method. In case of a swimmer the observer does not surely know 
what he is measuring. * 

31. Errors. — ^First among these the lack of uniform temperature from 
the bottom to the toj) of the fusion tube may be mentioned. Moreover, 
only in the case of very slow changes of temperature is this quantity of 
like value from the axis to the circumference of the tube. I endeavored 
to meet these conditions. Moreover, since the temperature is actually 
measured at three points along a vertical, and the platinum tube is sur- 
rounded by the relatively nonconducting clay tube, I do not believe 
that serious discrepancy can here be apprehended. Specific inquiry 
will be made in the next paragraph in connection with the data obtained. 
Here I need only remark that it is unfortunate that the tube shows a 
tendency to be less hot at the top than at the bottom : for it is in the 
interest of thoroughly compact solidification that the tube cool from 
below upward. A column which cools first at the top is put into a 
state of dilitational strain after the manner of a Eupert drop, so that 
vacuities are left within the mass and the solidification contraction is 
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obtained too small in value. I think a remedy for tlie difficulty in 
question will be found by feeding the upper burner from an independent 
gas supply. 

Indeed I have frequently noted lateral funnel-shaped holes several 
millimeters in diameter and as much as 1 centimeter or more deep, ter- 
minating in the smooth surface of the meniscus. It is also possible that 
bubbles congregate under the surface of the molten magma, without 
breaking through it, giving rise to these cavities in the cold column. I 
have already stated that the ejection of gases on solidification is of 
very common occurrence. 

At very high temperatures (say above l,500o) I found the meniscus 
to gradually sink in depth even when temperature remained constant 
or rose in value, § 33. This may be due to the escape of bubbles in the 
thin liquid, or it may also be due to the fact that the tube is now insuffi- 
ciently rigid to withstand the pressure of a column of molten rock 25 centi- 
meters high. Examples will be given below, from which it appears that 
the meniscus, caet. par., does actually sink from day to day conformably 
with changes of length of the platinum tube. I suspect, therefore, that 
the clay tube which envelopes the fusion tube, besides acting favorably 
as a nonconductor, contributes to the high temperature rigidity of the 
system. After several heatings the platinum tube can no longer be 
removed trom the clay tube, into which it now fits tightly, without 
breaking the latter. 

It has been assumed that the meniscus remains similar in form at all 
temperatures. This can only be partially true. The fused rock wets 
platinum so. thoroughly, however, that convex forms of meniscus need 
never be apprehended. Indeed there is a tendency to flow or creep into 
crevices. After solidification, however, the meniscus is apt to be drawn 
down so as to be relatively deep near its center. Here is, therefore, an 
error which counteracts the tendency to dilitational strain. It is almost 
futile to make allowance for these discrepancies, but the micrometri- 
cally measured depth of the solid meniscus may be as much as -2 centi- 
meter or '3 centimeter deeper than the mean surface computed from 
bulk. 

Although too much reliance must, therefore, not be placed on the 
behavior of the solid state, yet the values are redeemed from the char- 
acter of mere estimate, because the expansion of the platinum and its 
solid glass core are so nearly alike. This is a particularly fortunate 
chance, whereby the strains imposed on both the metal and the glass 
during cooling do not probably exceed the limits of elasticity of either. 
(§§ 33, 34 35.) From all of this it follows that the cooling of the furnace 
must take place so slowly as to give the viscous content of the frision 
tube fiiU time to adjust itself free from strain. Particularly are these 
precautions necessary near the solidifying point. In such a case ex- 
periment shows that the platinum tube is not dragged along apprecia- 
bly by the solidifying magma, and the results retain a degree of trust 
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worthiness much beyond what was to be anticipated, even in the solid 
state. At the same time dilitational strain is reduced to a minimum. 
In how far this has been accomplished satisfactorily can always be seen 
iu the degree of uniform contraction of the platinum tube. 

Another serious consideration is the allowance to be made for the ex- 
pansion of the platinum probe dd of the vertical micrometer. The 
expansion as estimated above is too small, for it is not merely the amount 
by which the probe is lowered that is subject to expansion, but a con- 
siderable length of metal above the furnace passes from a lower to a 
higher temperature. Consecutive values for the depth of the meniscus 
will thus differ appreciably, the later ones being larger as a rule than 
the earlier ones. I hope, however, in the future to obtain an estimate 
of this discrepancy by measuring an amount of thrust through the sight 
tube with the cathetometer, and comparing this value with the corres- 
ponding value to be read off on the vertical micrometer. I have thought 
of making the micrometer screw hollow and providing it with an internal 
circulation of water 5 but this would be difficult to accomplish. 

RESULTS. 

3J9. Arrangement of the tables, — In the following tables ?o and ro denote 
the length and radius of the cold platinum fusion tube, and X^o the bulk 
value (water measurement) of the mean depth of the meniscus, the 
measurement being made on the day after the fusion experiment^. The 
temperatures at the bottom, middle, and top of the fusion tube are given 
under ^1, ^2? ^3? respectively, and is their mean value, observed at the 
time given. For each value of two data for the expansion of the rock, 
the volume expansion of the tube, and the actual expansion dV/ Vo of 
the rock are given, and they were obtained before and after the tem- 
perature measurement. Here V-Vo is abbreviated dV and Vo is the 
volume of the solid rock at zero. The data enclosed in i)arentheses 
show that in this case the value applied for the expansion of the tube is 
obtained as a mean result of all the measurements made. Otherwise 
the value directly observed was applied. 

33, Contraction of diaba>se. Tables. — The results of my first series, 
being of inferior accuracy, will be omitted. Table 12 contains the 
results for the second series of experiments made on October 18, 1891. 
Here, too, the precaution of alternating volume measurements with the 
temperature measurements was not yet applied and the values given 
are less nearly coincident. 
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Taking each of the three values of dV/Vo at 1514o, 1544o, 1480o,it 
is seen that the members of each set successively become more coinci- 
dent. Moreover, the sweep downward and to the right of the means 
of the individual values of SVyVo is such as to indicate' either that 
the tube sagged viscously or that the magma ejected bubbles or 
changed the figure of its meniscus. It seems to me that the platinum 
tube underwent stretching until it was finally restrained by the clay 
tube enveloping it. Rejecting the first datum, the mean volume expan- 
sion of the liquid is •000050 per degree, a value which agrees very well 
with the subsequent work. 

The passage from 1202° to 872o is abrupt, indicating that a melting 
point has been passed. Moreover, the wide divergence of the three 
data for 6 V/ Vo at 872o, shows that the cooling took place far too 
rapidly, so that the temperature of the rock must have been much 
higher than the thermocouples indicate. Finally the mean volume ex- 
pansion of the solid magma below 872^ is about -000020 per degree, a 
value which also agrees very well with the work below. 

If the solidilying point of the magma be 1095° (the value found in §§ 
34,35) then the contraction on solidifying may be estimated at 3 per cent. 
Thus it follows with certainty that diabase contracts on solidification 
and that its fusion behavior must be of a thoroughly normal tjrpe. 

The amount of solidification contraction is, however, too small if too 
rapid cooling actually produces a strain of dilatation. For the same 
reason the values of dV/Vo for the liquid state,. though colrect in 
their relations to each other, must be uniformly too small, for the factor 
Vo used is too large. All this is proved directly by the next two tables, 
but it may be inferred here from the contraction curve of the platinum 
tube. This shows reasonable uniformity of contraction as far as 900^, 
after which, however, there is a break to much smaller rates of con- 
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traction^ shomug 1 \.\i\itV tbat tbe platinnui tube haa been, dragged 
along b; the too rapidly solidifying magma. 

3i. Contraetioti of diabase. Tables and cliart. — The data of my third 
series of experimeuts, m»Ae on October 20, 1891, are given in table 13. 
The precautions for slow cooling were fully taken, and the solidiUcation 
point la now sharply apparent. 

Tablk 13.— Contraction of diabiue. Tkird teriet. 
I. = 25 WO"; *. = l'424~i r.= 'TJ— . 
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These values are fully represented in the chart, Plate V, where the 
actual expansion is given by the heavy curve dcbef, the ordinates being 
the volume increments and the abscissa temperatures. The apparent 
expansion of the rock is shown by the light curve lb gb, the ordinates of 
the solid contour lb being nearly zero, so that the tube and contents ex- 
pand nearly at the same rate, whereas the liquid contour gk follows 
with a marked jump and shows great uniformity. Finally tha expan- 
sion of the platinum tube is represented by the dotted curve de a i, 
Tbe exceedingly small break at a, which indicates the amount of drag 
or shorteiiing of the length of the platinum tube by the solidifying rock, 
shows how well the operation of cooling has here b«en conducted, and 
proves the results to be trustworthy throughout. 

One of the important results obtained from the chart is tlie occurrence 
of a Bharply-deflned solidifying point at 1093o. Here, therefore, is a 
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method hy wliicli ttiis poitit of the rock cau be defined free from iion- 
iiitriDsii; ti;sts. 

Finftlly, it maybe noted that so long as tbe mafpna m liquid, the 
distribution of temperature along the fusion tube is fairly constant, and 
and is usually hottw at the top. After this the discrepancy increases, 
probably from lack of couvectivi! conduction of the solid magma. 

3S. Contraction (tfdiabaxe.. TaMfn and rhcrL—Tim data of my Inst 
seriesof experimenta, made on October 21, 1891, with all precautions 
necessary, are given iu Table 14. Two coniplet« sets of result for each 
step of temperature are given. 

Tabi.k 14. — Conlraclion of diabaat. Fourth »erie». 
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Tliese data are given in the chart, PI. YI, Fig. 1, on the same plan as 
in the preceding case. The inferences to be derived are identical with 
those of the preceding paragraph. Tlie sudden contraction of the rock 
on solidifying is of smaller value here, but this is to some extent com- 
pensated by the greater longitudinal compression of the fusion tube, 
as shown at a in the curve cai. It is interesting to note that in both 
series 3 and 4 the first length measurement of the tube at the solidify- 
ing point of its contents, is smaller than the second, showing the end 
thrust to have diminished in value, while the tube has recuperated 
from its strain. It is also well to note that the sag of tube, as ex- 
pressed in the cold lengths 25*49 centimeters in the second series, 25*47 
centimeters in the third series, and 25*45 centimeters in the fourth series 
is small, but quite appreciable. 

Regarding the differences of Ao (micrometric), and X' ^ (bulk meas- 
urement), which is '34 centimeter in the fourth series, 43 centimeter 
in the third series, and -38 centimeter in the second series, the remarks 
made in § 31 apply. Hence the third series is the one in which cooling 
was slowest, and in this the solidification contraction is largest. Lat- 
eral fissures opening into the solid meniscus were present in both these 
cases. Eegarding the depth A, of the solid meniscus at the outset, and 
at about the same temperature, 1387^, I found X = -50 centimeter in the 
third series, and X = '62 centimeter in the fourth series, showing en- 
largement of the volume of the fusion tube. 

Finally, as before, temperatures are hotter at the top or fairly uni- 
form so long as the magma within the fusion tube is very liquid. Near 
the solidifying point, however, and thereafter, the top is colder. For 
this reason, since solidification commenced at the top, the data of , this 
paragraph show a smaller solidification contraction than in the last 
instance. 

S6, General remarlcs, — ^The charts show how important it is to measure 
the expansion of the fusion tube, which, if neglected, would distort the 
liqnid expansion fuUy 50 per cent. Moreover I have no doubt that 
^hen fusion is made in clay crucibles which are apt to become friable 
after heating, the clay on cooling is quite at the mercy of the more 
teuaeious slag within, and changes its volume accordingly. 

Again even in case of slow cooling solid contraction tends to express 
itself as a dilatational strain, and if gas bubbles are ejected by rocks on 
solidiiying solid volumes will be found too large and the solid contrac- 
tions, etc., too small. Hence I place greatest reliance in the solidifica- 
tion contraction given in the third series, the value being 3*9 per cent. 
Naturally, I also made special experiments on the floating of solid 
rocks on the molten magma, cf. §20. To my surprise such flotation 
always occurs, notwithstanding the fact that originally the cold rock 
must be 8 per cent + 10 per cent more dense than the molten rock, 
since it is both solid and cold as Avell as possessed of organized rock 
stracture. It soon appeared, however, that the cause of such flotation 
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is crudely meclianical, since the rock in virtue of its weight simultane- 
ously hollows out a cavity and chills it, thus forming a little solid boat 
in which it floats on the very viscous slag below. This is shown in 
Plate YI, Fig. 2, where a is the body of rock, AA the molten magma, 
and hb the solidified bowl-shaped skin. It may be observed that flota- 
tion is assisted by viscous friction of the blanket hh on the magma A A 
which supports the blanket and keeps it distended. I then attempted 
to make Mess and Winkelmann's " Fundamental- versuch ^ by submerg- 
ing the rock ; but here both on account of the intense white glare of 
the furnace and the tendency to chill at the surface of the magma 
during the operation I was not able to reach any definite point of view. 

Eesults for thymol are given in Plate VI, Fig. 3, for comparison. §38. 

37. Fusion and solidification alternating, — To corroborate the above 
work, I made some experiments by measuring the expansion on fusion, 
as well as the contraction on solidification. These are contained in 
Table 15, where the notation is the same as above. The zero lengths 
{lof Kt etc.), were taken firom the above work, as was also the expansion 
of platinum. 

Table 15. — Fusion and solidification aliernating. 
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The difficulty with these experiments lies in the insufftcient time 
allowed for fusion and solidification (§§33-37). In the formercase irregu- - 
larities are unavoidable, since it is impossible to heat a solid rod of rpnk — 
uniformly throughout its length. The high solidifying point, here,^ 
probably follows from the fact that the fusion was not complete. Thi^= 
is seen in Fig. 3, where the individual data are marked by numerals in- 
dicating the time at which the observation was made, and where th^« 
first cycle is indicated by a heavy line, the second by a light line. 13 
suspect, therefore, that in rocks melting and solidifying points are dil 
erent and may be 100^ apart. Hence the large contraction at adefinit- 
degree of temperature observed above, was due to very slow cooling 
an undercooled mass. 



/ 


fC 


o 


S 


2 Is 


s 


s 


s 


s 


s 










-sy 


V.^ 












K 




jy,. 


































































K 




Thyio 


»< SfJ 


c 












^ 












































q 


yS 








^f 

'<i' 


Or A 










- 




'-5 






'\ 




1 




















H 










5 






















= 




\V° 








~V»5 










I^ 




P'!\ 


-\ 


i. 














% 


\ 






i 
















\ 






\ 


% 














■\f 








■^ 






q^ 


S 





% ' 


\. 

1 





\ 




\ 


\ 

5, 





mum-l TOLUMETBY OF THYMOL. 43 . 

The itmount of volume contrsiction agreee in liotli cases with the above 
data, and this is the chief poiut at issue. 

INFERENCES. 

38. Oompariaon with thymol. — Since the fusion of rocks like diabase 
is thus thoroughly uonual, it follows that melting point must increase 
with pressure. It is well to examiue tentattvely into the nature of this 
relation, and for this purpose I have drawn certain unpublished results 
of mine for thymol, on the same scale used for the rock. In PI. VI, Fig. 
3, m'n'o'p' shows the coutraetion of thymol at its melting point, where 
the substance Is liquid along o'p' and solid along m'n'. Similarly, mnop 
shows the contraction of thymol at O^C. These results indicate that 
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the solidification contraction decreases in proportion as the thermal 
expansion ([3( Vj Vt,)/dS]a where denotes temperature) decreases. The 
solidification contraction of thymol, therefore, like its coefficients of 
expansion, is larger than the similar variable in the case of rock. The 
relations are such that if liquid thymol could be cooled down to —25° 
it would then show the same solidification contraction as the silicate. 

39. Lower eritical temperature. — Analogously the compressibility of 
the rock will show decidedly larger values than in organic bodies; and 
hence it also follows that whereas the lower critical pressure liquid- 
solid of naphthalene, for instance, should, according to my experiments, 
lie somewhere In the region of 10,000 atmospheres, the corresponding 
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I)ressure in the case of rock magma must be iudefinitely higher. In 
other words, the consecutive isopiestics of the magma must lie very 
much nearer together than the corresponding isopiestics of naphthalene, 
supposing the pressure to vary in like steps in both cases. 

40, Melting point and pressure, — From this, however, it does not by 
any means follow that the relation of melting point to pressure will be 
different in the silicate and in the carbon compound. In the latter 
case, data for normal fusions are available in case of wax, paraffin, 
spermaceti, and naphthalene, and for these dT/dp, the relation of melt- 
ing point to pressure, lies within the narrow margin of -020 to '036, data 
moreover which even for the same substance^ are subject to variation. 
Thus I found that in naphthalene dT/dp varied from '027 to -035, accord- 
ing as melting points or solidifying points were suitably considered. 
Since, therefore, the fusion both of the organic bodies and the silicate 
is alike in character, it is probable that the same factor dT/dp will cor- 
respond to both cases. The direct consideration of tfiese questions will 
be the subject of the next chapter. 

1 See my work on napbthaleue, Am. Journal Sci., vol. 42, 1891, p. 144 et soq. 



CHAPTEE III. 

THE THERMAL CAPACITY OF IGNEOUS ROCK, CONSIDERED IN 
ITS BEARING ON THE RELATION OF MELTING POINT TO PRES- 
SURE.i 

PRELIMINARY REMARKS. 

41, Introductory, — The present experiments are in series with the 
volume measurements of my last chapter, and the same typical diabase, 
§ 18, was operated upon. Since it is my chief purpose to study the 
fusion behavior of silicates, more particulurly the relation of melting 
point to pressure, the observations (700^ to 1400o) are restricted to an 
interval of a few hundred degrees on both sides of the region of fusion. 
The solid locus found, however, is one which would be nicely tangent 
toan'initial specific heat of aboat -2, the value which probably obtains. 
The liquid locus is again indicative of a transitional temperature.^ 

43. Literature. — Experiments similar to the present, but made with 
basalt, were published quite recently by Profs. Eoberts Austen and 
Rucker.^ In view of the normal behavior occurring throughout my 
own data, the irregularities obtained by these gentlemen in case of dif- 
ferent methods of treatment (heating in an oxidizing or reducing atmos- 
phere, repeated heating, sudden cooling, etc.), the anomalously large 
specific heat between 750^ and 880o, where basalt is certainly solid, and 
the absence of true evidences for latent heat* make their results some- 
what startling. Basalt is lithologically so near akin to diabase that 
one would anticipate a close physical similarity in the two cases. Un- 
fortunately, the account given of the work with basalt is meager, and 
detailed comparisons are therefore impossible. I will only state that as 
nobody had then compared the platinum-rhodium couple with the air 
thermometer, I should not have regarded a standardization by meani;^ 
of a single melting point sufficient. 

'Cf. Am. Journal Soi., vol. 43, 1892, pp. 56, 57. 

'Aid. Jonrnal Sci., vol. 42, 1891, p. 145. 

'Hoberts- Austen and Riicker : Phil. Mag., vol. 32, 1891, p. 355. 

^Supposing basalt to melt below 1200°. The authors state that the specific heat of basalt is ij:reatei 
^Uie liquid than in the soUd state, but no remarks are made as to whether the rock was fused a1 
weir higher temperatures or not. 

45 
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APPARATUS. 

43. The rock to he tested. — About 30 grams of diabase were fused 
in a small platinum crucible, /together with which they were to be 
dropped into the calorimeter. Two of these charged crucibles were in 
hand and used alternately. After removing the (cold) crucible from the 
water into which it had been dropped at red or white heat, the surface 
of the glass usually shows a smooth unfissured gloss. This, however, 
is only apparent, for after drying and weighing, the mass is often found 
to have increased in weight fully 5 per cent. I was at first inclined to 
believe that this was due to water chemically absorbed by the viscous 
magma; but the water is only mechanically retained,.for it passes off com- 
pletely after twenty-four hours' exposure to the atmosphere, or by drying 
at 200O for, say, 30 minutes. Hence, at the beginning of each measure- 
ment I weighed the crucibles again, having thoroughly dried them at 
200O. The solid glass dropped into water at low red heat soon shows 
a rough and fissured surface, and changes in color from black to brown, 
possibly from the oxidation of the protosilicate to the sesquisilicate of 
iron. The effect of this change (if it be a chemical change and not a mere 
change of the optical character of the surface) is inappreciable, at least 
by the following calorimetric method. 

Throughout the course of the work the charge was neither changed 
nor replenished. 

44. Thermal capacity of platinum. — Since the charge of molten rock 
and the crucible are submerged together, it is necessary to know the 
heat given out by the known weight of the platinum. Data for this 
purpose have been published by Violle.^ I.n these the high tempera- 
ture specific heat at P is given as -0317 + *000012f, whence the increase 
of thermal capacity from zero to the same temperature is ('0317 + 
•000006^) t. This is the allowance I made per gram of platinum crucible. 

45. Furnace. — Inasmuch as heat is rapidly lost by radiation from the 
white hot slag, it is necessary to transfer the crucible from the furnace 
into the water swiftly. Trap-door and false-bottom arrangements, 
which at first suggested themselves, were discarded, because the 
mechanism clogs the furnace, interferes with constancy of temperature, 
and is too liable to get out of order. 

The furnace adopted is shown in PI. VII, Figs. 1 and 2, in sectional 
elevation and plan. The body consists of two similar but independent 
half cylinders AA and BB of fire clay, properly jacketed and closed 
below, which come apart along the vertical plane cccc. The lid LL^ 
however, is a single piece, fixed in i)osition by an adjustable arm (not 
shown). Each of the halves of the body of the furnace is protected by a 
thick coating of asbestos 00, BBy and by a rigid case of thick sheet 
iron, EE^ FF; clamp screws </, g, </, g, pass through this in such a way as 

iVioUe: C..R., vol. 85 1877, p. 543; vol.87, 1878, p. 981; vol. 89, p. 702,1879; PhlLMag., (5), IV, p. 318, 
1877. 
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to hold the fire clay and asbestos firmly in place. The horizontal base of 
thecasing^, Fy is bent partially around the two iron slides tf, O, along 
which the two halves of the furnace may therefore be moved at pleasure 
while the lid L is stationary, as is also the blast burner H, clamped on 
the outside and' entering the ftirnace through a hole left for that pur- 
pose. 

The charged crucible is shown at K, and is held in position by two 
OTutch-shaped radial arms, ^, Nj of fire clay, the cylindrical shafts of 
"Which fit the iron tubes P, P snugly and are actuated by two set 
scriBws, B, B. The two tubes P, P, moreover, are covered with a non- 
oonductor, and thus subserve the purposes of handles, by grasping 
"Which the two halves of the furnace may be rapidly jerked apart. It 
is by this mpans that the crucible is suddenly dropped out of the fur- 
xiace into the calorimeter below. Care must be taken to have the arms 
ftee from slag, as otherwise the crucible is not at once released. 

46. Temperature. — As in a former case, the temperature of the fur- 
nace is regulated at pleasure by forcing the same quantity of air through 
it at all times, but lading this air with more or less gas supplied by a 
^aduated stop cock. The amount of gas necessary in any case is 
determined by trial, and observations are only to be taken after fifteen 
or twenty minutes' waiting, when the distribution of temperature is 
found to be nearly stationary. It would have been better to have curved 
the bottom of the fiiruace cylindrically, so as to surround the crucible 
^th a whorl of flame. The temperature of the crucible is never quite 
constant from point to point. I therefore measured this datum at three 
points, near the bottom, middle, and top of the charge. For this purpose 
the fire clay insulator 1 1 of the platinum platinum-iridium thermocouple 
4ib passing through a hole in the lid is adjustable along the vertical. 
Before dropping the crucible the thermocouple is withdrawn from the 
charge and suspended above it. The cold junction communicates with 
the terminals of the zero njethod submerged in a bath of petroleum and 
provided with a thermometer. 

When the charge is solid, a small platinum tube which has been pre- 
viously sunk into the molten glass before solidification (see PI. VII, Fig. 
3), enables the observer to make the three temperature measurements, 
as before. In later measurements I also incased the insulator of the 
thermocouple in a platinum tube, closed below (see PL YII, Fig. 1), when 
making the temperature measurements for the molten charge. Slag 
at high temperature being a good conductor, it is not impossible that 
hydfo-electromotive forces may enter, slightly distorting the thermo- 
electric data. ■ ' \ 

When constancy of temperature is being approached the hole in the 
lid 2/ Z is closed with asbestos, and the products of combustion escape 
by the seam in the side. This facilitates manipulation above the fur- 
nace. The crucible is visible in part through the seam in question. 
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47, Calorimeter, — This was a vessel of thin tinned sheet irouy 28 cen- 
timeters long and 8 centimeters in diameter, having a water value of 
19 g. cal. and holding a charge of about 1,200 grams of water. The 
inside of the calorimeter was provided with a helical strip running 
nearly from top to bottom. The vessel, contained within a suitable 
environment, was supported on a hard rubber stem, which could be 
grasped below, and served as an axle around which the calorimeter could 
be rotated from without. In this way the water within was churned. 
Three small, hard-rubber rowels near the top gave steadiness to the 
motion. They were fixed to the hollow cylindrical vessel (environment) 
provided with a hollow hinged lid, through both of which a current of 
cold water, at constant temperature, continually circulated. Thus the 
temperature surrounding the calorimeter was at all times given, and the 
correction,for cooling could be found and applied with accuracy. I pass 
by the description of this apparatus rapidly here, ina^smuch as I shall 
recur to it in connection with other calorimetric work. The box of the 
calorimeter with its projecting stem was movable on a small tramway, 
the tracks of which lay at right angles to the slides O O. (PI. VII, Figs. 
1 and 2.) Thus when the measurements showed a suflftciently constant 
temperature in the furnace, the lid of the box was opened and the 
calorimeter rolled directly under the furnace. After receiving the 
crucible, the calorimeter was again rolled away and the lid of the box 
closed, whereupon the temperature measurements were made by aid of 
a sensitive thermometer inserted through a hole in the lid. 

I may add here that should 1 have occasion to extend the work to 
other substances, I would have a bullet- shaped platinum crucible pro- 
vided with a central tube similar to Fig. 3, fnade at the outset. In 
this way splashing during the drop of the crucible into water would be 
to a great extent obviated. 

RESULTS. 

48, Method of worJc, — While waiting for the temperature of the furna<^ 
to become stationary, I made the initial measurements for the cooling 
of the calorimeter, in time series. Knowing, therefore, the time at 
which the body was dropped, I also knew accurately the temperature 
of the water into which it was dropped. Just before this the three 
measurements for temperature of the charge had also been made in 
time series. The experiments showed that ten minutes after submer- 
gence, the crucible and charge might be safely considered cold, for the 
minimum temperature of the calorimeter was reached after about five 
minutes. 'Hence the time from 10 minutes to 15 minutes after submerg- 
ing could be utilized for making the final measurements for cooling. 
Knowing these, I interpolated the rates of cooling for any intermediate 
times. 

Thus while the calorimeter was being constantly stirred, its tempera- 
ture was measured at the end of every minute. Hence I knew the 
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m«sa«^c«%%of \\» \6TDp6tatiire above that of its environinent daring- 
the course of every miaate, and was able to add the correspouding 
allowance for radiatioa at once. How important this ia the tables be- 
low will fully show. It may amount to 10 i>er cent of the total tem- 
perature increment. The only drawback against obtaining shaip 
values for the consecutive rates of cooling is to be found in the lag 
error of the thermometer; but tliis is eliminated in a loug series. 

The calorimeter was always weighed before and after the work, hut 
the latter datum was taken. Similarly, as has been stated, the cruci- 
ble was weighed before and after heating and the latter datum taken. 
Some charge is always removed or added by the thermocouple. 

49. Arrangement of the tables. — There being two crucibles and two 
tubes (PI. VII, Fig, 3), they are distinguished by I and II. In all cases 
r is the temperature of the environment, m the mass of the charge, M 
the water value of the calorimeter (corrected for temperature). is 
the temperature at the bottom, middle, and top of the charge at the 
time of submergence, for which a mean value is also given. The tem- 
perature observed in the calorimeter at the time specified is given under 
6, and a parallel column shows the correction of 6 for radiation. Finally, 
the computed thermal capacity of the platinum crucible and appur- 
tenances {correction A), and the thermal capacity h of the charge given 
for each of the consecutive times, are found in the last columns. A 
few obvious remarks follow. All data are referred to gram calories. 

50. Tables. — In the data of the first series (Table 16) only one value of 
& occurs for the liquid state. Moreover, the construction of the fur- 
nace was somewhat faulty, not beingflat-bottomed. Hence these results 
are of inferior accuracy, and their chief purpose is to bear out the 
results of Table 17, which are the best I could obtain. 

Tablb 16. — Thermal capacity of diabase. First series. 
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Table 16. — Thermal capacity of diahaae. First aeries — Continued. 
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Tablk 17. — Thermal capacity of diabase. Second series. 
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Fop brevity the last observatious have heen averaged per three min- 
ut«a, and under k the mean for the last 11 minutes is usually given. 

Thus in Series i the difference of temperature from top to bottom o^ 
the crucible is as large as 61° at 1200°, but falls off pretty regularly to- 
6° at 829°. In Series ii the correspondiug mean difference is about 25* 
at 1300O, 20O at 1200o, 14° at 1100° and 1000°, and 10° at 900° and^ 
800°. The error thus involved can not be greater than 2 per cent iiu 
the extreme case; but since the distribution of temperatures is actually" 
measured, tbeerroris probably negligible except at very high tempera- 
tures, I was inclined to infer that the greater constancy of the solid- 
distribution as compared with the liquid was due t« better conductivity^ 
in the former case (solid) ; but it may result as an equalizing effect o^ 
thetube, PL VII, Fig.3. 

CouBideriug the observationalworkaa whole, the data are quite satis- 
factory, seeing that an error of y$° C. iu the initial temperature of th^ 
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calorimeter mnst vitiate tbe result as far as at least 1 per cent. Hence 
the great care taken in finding this temperature. It is probable, how- 
ever, tbat the real source of error is accidental and is encountered when 
the body falls out of the furnace into the water, particularly during 
the latter phase. Splashing, generation of steam, etc., then involve 
actual losses which can not be accounted for. 



INFEEENCES. 

5i. Digest and cliarts, — In Tables 18 and 19 I have summarized the 
chief data on a scale of temperature. The results are graphically given 
in the charts, Pis. YIII and IX, in which thermal capacity in gramme 
calories is constructed as a function of temperature. Straight lines are 
drawn through the points, showing the mean specific heats for the in- 
tervals of observation, solid and liquid. The letter a marks the region 
of fusion. 

It will be seen that both in the cases of PI. VIII and PI. IX the solid 
points lie on lines whi^h, if reasonably curved, would be nicely tangent 
to an initial specific heat of about .2 at 0^ C. The grouping, in other 
words,ns so thoroughly regular as quite to exclude the probability of any 
anomalous feature in the observed or the unobserved parts of the locus. 
In both charts the solid point near a alone lies markedly above the 
corresponding curve; but inasmuch as in my former work I found 
solidification to set in at 1,100^ it is altogether probable that the occur- 
rence at 1,170° is incipient fusion. 

* Table 18. — Thermal capacify of diabase. Series I. Digest. 

Mean specific heat, liquid, 1200° to 1400o, -330. 
Mean specific heat, solid, 80(K> to IIWP, -304. 
Latent heat of fusion, at 1200°, 24«*»'; atllOOo, 16«"'. 
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Thermal 
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* Incipient fusion? Tuhe sustained in the crucible. 
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Table 19. — Thermal capacity of diabase. Series IL Digest, 

Mean specific heat, solid, 800^ to IKMP, '290 
Mean specific heat, liquid, llOQo to 1400o, -360. 
Latent heat of fusion, 1200°, 248"«; at 1100°, 16««». 



f BULL. 103. 
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377 
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367 



♦Probably incipient fusion at the base of crucible (1177°). 

Quite the same regularity is observable in the liquid loci, remember- 
ing that in PL YIII only a single datum was taken for temperature, and 
that in PL IX the high-temperature discrepancies above 1300^ are 
within the range given in § 50, and due to distribution of temperature. 

52. Specific heat — As regards the mean specific heat between 800^ 
and lOOOo, in Tables 18 and 19, it will be seen that the intermediate 
datum (•304+-290)/2 would satisfy both groups of points about equally 
well. A tracing of one group of i)oints nearly covers the other, while 
it is to be remembered that the true locus must be slightly curved. 
The same remarks may be made for the liquid state. I have discarded 
elaborate modes of reduction, since the equation of the locus would be 
arbitrary, and since the values for specific heat are of no immediate 
bearing on the present inquiry. 

53. Hysteresis. — ^Recurring to the suggestion of the preceding para- 
graph, it appears, since in my volume experiments I was able to cool 
down the rock to 1095^ before solidification definitely set in, whereas, 
now, evidences for fusion do not occur before IITO^ (at a, Pis. YIII and 
IX) that rock fusion must be accompanied by hysteresis^ of the same 
nature as that which I observed with naphthaline, § 37, The magnitude 
of the lag is apparently 70°, and its pressure equivalent may be esti- 
mated as 500 atmospheres. 

54. Latent heat, — In virtue of the fact that the upper end of the solid 
locus can be carried so near the beginning of the liquid locus, the datum 
for latent heat is determinable with some accuracy. A difficulty, how- 
ever, presents itself in the determination of the true melting point, a 
datum which can only be sharply defined while the temperature of the 
crucible is quite constant throughout. I, therefore, state the conditions 
at 1200O and at 1100^, where the latent heats would be 24 and 16 
gramme calories respectively, in both of the independent constructions 
of PL VIlI and PL IX. This coincidence is in a measure accidental. 

lAm. Journal, XLii, p. 140, 1891. 
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It may be noticed that a transitional temperature surprisingly near 
the region of fusion is apparently indicated. 

55. The relation of melting point to pressure, — Th3 first and second 
laws of thermodynamics lead to the equivalent of James Thomson's fu- 
sion equation, which in the notation of Olausius^ is 

dT_ T{cf—rj 
dp~ Er' ' 

where Tis the absolute melting point, (T— r the difference of specific 
volumes solid and liquid at T, r' the latent heat of fusion, and ^Joule's 
equivalent. Combining the present series, J, with the former series, IIIj 
of volume measurements,* I obtain at 1200^, since T = 1470o, <r— t = 
•0394/2'72 (where 2*72 is the density of the solid magma at zero) and 
r' = 24, 

V dp Jim ' 

and at llOOo, since T=1370o, cr-r = •0385/2-72, and r' = 16, 

dT 






029. 



Similarly combining the present series, 11^ with the former series of vol- 
ume measurements,^ IV^ at 1200^, since a*— t= •0352/2*72 and r' = 24, 

and at llOO^, since (r—T= -0341/2-72 and r'=16 

dT\ 



c 



-^ I =-026. 



Hence the probable silicate value of dT/dp may be taken as '025, and 
falls nicely within the margin (^020 to •036) of corresponding data for 
organic substances (wax, spermaceti, paraffin, naphthaline, thymol). 
I may therefore justifiably infer that the relation of melting point to 
pressure, in case of the normal type of fusion, is nearly constant, irre- 
spective of the substance operated on, and in spite of enormous differ- 
ences of thermal expansibility and (probably) of compressibility. And 
in the measure in which this is true in passing from carbon compound 
to the thoroughly different silicon compound, it is more probably true 
for the same substance changed only as to pressure and temperature. 
In othw words the relation of melting point to pressure is presumably 
linear,* 



» Claaaiiu: W&metheorie, I, p. 172, 1876. This is frequently called Clapeyron's equation. 
« Chapter n, § 34. 

• Chapter u, § 35. 

* See my work on the <!bntinuity of solid and liquid (Am. Journ. Sci., Vol. xlii, p. 144, 1891), in which 
these relations are tested for naphthaline within an interval of 2,000 atmospheres. 
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LETTER OF TRANSMITTAL. 



Department of the Interior, 
U. S. GEOLOiJicAL Survey, 
Yellowstone National Park Division, 

Waahififfton. JK (.'., May i>^, iS9J2. 

' Sir: I liave the honor to traiisiuit lierewitli a paper by Mr. Walter 
H. Weeil, eiitirled ^-Tlie G]a<:iatiou of the Yellowstone Valley north 
of the Vark." 

During {i^lacial times the broad elevated rej^ion of the Yellowstone 
Park was deeply covercnl by ire, sending out its glaciers both to the 
north and south. The northern glacier, after emerging from the i)ark, 
entered the broad valley below, near the jnnction of the (lardiner and 
Yellowstone rivers. In the present jiaper Mr. Weed pn»sents the re- 
sults of bis investigations of the glacial phenomena of tlie valley. It 
'is a valuable eoiitribution to glacial geology, ami, so far as I am aware, 
is the first detailed stndy of such phenomena in an inclosed mountain 
valley in the Kocky mountains. 

- I take pleasure in recommending Mr. Weed's paper for (lublicatioii 
as a bulletin of the ir. S. Oeological Survey. 

Yours, very respectfully, 

Arnold TIagtk, 

Utoloijiat in charge. 
Hon. J. W. Powell, 

Dirtctor U. iS. Otological Survey. 
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OUTLINE OF THIS PAPER. 



The prrsPTit paper jjivea a detailed arcoiint of iho ^lariation of tlio Snowy monn- 
taius and of the upper valleys of tlie Vcllowstniie. wIioBe deposits show au unusual 
phase of alpine ^laciation. 

The evideiH'e tluis far «;atliercd shows that a larj^e l)04ly of ice, originating in the 
ice aheetH of the Vellowston«'- National I'ark. ])uslied northward, lilling the upper 
valleys of the Yellowstone an«l extending down that stream 86 miles north of the 
park bouiKlary. 

The high mountainous areji east of the Yellowstone river, a large i)art of which is 
above 9,000 feet in elevation, was largely mantled by great snow fields and n6v<?8, 
above which the sharper summits jwojeeted as satires of roek, giving rise to great 
glaciers moving outwards down tli«' vaHeys in all direetious. forming the Boulder 
glaeier and many small streams tiowing toward lh<* \alh*y of the Stillwater, while 
other glaciers tilled the valh*ys south and east and heeame tributary to the Yellow- 
stone glacier. The high country about Ilaystaek peak and Mount Douglas was the 
center of dispursitm for this great, iee lield. 

This evidence shows conclusively that there was no general system of couiluent 
glaciers covering all the mountain ranges, hut that even the greatest of these 
glaciers ext«'nded down the \ alleys a <'om))arativel,v short distan<'e and did not 
reach the general foothill eountry. while sueh eonsiderable mountain masses as the 
Gallatin range and the high and rugged ]>eaks east of the Lower eanyon of the 
Yellowstone, held only local gbieiers which nestled in the eir<j[U«*8 about the crest of 
the range or rarely extended a short <listanee <lo\vu the valleys. The area covered 
by glacial de]>osits is ii;di<'ated upon the aeeompauying map. 

Tliese glaeiers were all of the al])ine typ<' and present numy reseiublanees to 
those now existing in the Monut St. Klias al]>8. The largest valleys — the Yellow- 
ntone and Boulder— were oreiipied by trunk gla<Mers. eouipletely tilling tlu;m and 
overriding their Hanks, and receiving tribute from the lateral valleys where the ico 
bodies occupying them were large enough to reaeh the main valley. Throughout 
the entire lii'Id the higher mountain peaks rosi* above the neve fit.dds, though the 
high plateaux and broader mountain summits show considerable glacial abrasion 
and were un(|uestionably coven'd Ity moving ice. 

llie evidence establishing iUv former existence of these glaciers consists of the 
varied forms of glacial sculpturing: Koche nuuitonces, canyon-broadening, rock- 
Hcoring and ]>cdisliing, and the formation of roek basins; and the various types of 
glacial dej)oaits, bowlder trains, blocs perclie, the transportation of boulders from 
lower t«» higher elevations, uKuaines and kames, and the jissociated trains t»f gravel 
forming the system of river t<'rraces, the formation of ben<'hes an<l terraces uj)on 
hillsides, and the cutting of canyons transverse to tlu> mountain slop«*sand <lrainag«'S 
in front of the glacier's termination. The striking contrast between glacial and non- 
glacial topograi)hy is splendidly exhibited in this iield. 
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THE GLACIATION OF THE YELLOWSTONE VALLEY 

NORTH OF THE PARK. 



By Walter Harvey Weed. 



INTRODUCTION. 

■ 

The local glaciers of Quaternary times, of which evidences abound 
throughout the highest portions of the Rocky mountain cordillera, at- 
tained an unusually extensive development in that broad elevated 
region known as the Yellowstone Park. It was indeed the center of a 
considerable ice sheet whose glaciers spread out and down the valleys 
leading from this mountain region in all directions.^ In the northern 
part of the park two streams of ice found an outlet for their united 
flow northward down the valley of the Yellowstone, and they have 
left impressive memorials of the j)ower and size of this stream that at 
once attract the attention of the observant traveler on the way to the 
famous geyser basins of the park. The number and size of the erratic 
bowlders scattered so abundantly over the valley iloor and perched 
high up on the mountain sloi)es, can not fail to impress the beholder, 
while the second canyon of the Yellowstone, known as Yankee Jim 
canyon, through which the river has cut its way to the broad moun- 
tain encircled lower valley, is a grand and perfect piece of ice sculpture 
that affords striking proof of the power and magnitude of the glacier 
which once filled the valley. 

While studying and mapping the geology of a j)ortion of the country 
north of the Yellowstone Park, under the direction of Mr. Arnold 
Hague, and for the United States Geological Survey, I found a long 
desired opportunity to study the glaciation of this interesting region. 

■See GedL Hiit. of Yellowstone National Park, by Arnold Hague: Trans. Am. Inst. Min. Engrs. 
1888. 
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14 GLACIATION OF THE YELLOWSTONE VALLEY. iBOUuMt 

GENERAL DESCRIPTION OF THE REGION. 

Tbe region herein discussed is a inountaiiioiis tra^t lying immediately 
north of the Yello>Vstone National Park, and draineii by the Boulder 
and the Yellowstone rivers and many lesser tributary streams. Tlie 
Yellowstone, rising far tx> the south, is here a noble stream of beryl 
green water which is joined by the Gardiner tis it leaves the border 
of the park and flows northward througli Cinnabiir vaUcy into a nar- 
row gorge cut in Archeau gneisses. From this C4inyon it darts out 
into a broad mountain flanked valley that is 30 miles long and from 3 
to 6 miles wide, fancifully christened "Paradise valley," which it leaves 
through the lower canyon, or gate of the mountains, a narrow cut in 
the steeply upturtied and folde^l J^ileozoic rocks, to emerge into the 
great terraced valley that is the beginning of its h)ng (jourse through 
the Cret^iceous ro(!ks. The Boulder river, on the other hand, is a 
much smaller stream tliat heads in the snow banks a])out llaystiick 
peak, and joined by numerous mountain torrents from the neighbor- 
ing summits flows northward through a. narrow canyon with w^alls 
3,000 feet high, to join the Yellowstone in its great terraced valley 
about Big Timber. 

THE YELLOWSTONE GLACIER. 

The glacier occui)ying tlie mountain valleys of the Yellowstone has 
for convenience of reference been called the Yellowstone gbicier. The 
ice stream had its source in the confluent i<.*e sheets that covered the 
northwest portion of the National Park, and flowing northward over- 
rode the lesser peaks about the boundary of that reservation and sent a 
great ice stream down the valley of the Yellowst4)ne. This glacier, re- 
enforced by a confluent stream from Hear gulch, <M)inpletely filled the 
upper valley and exemlcd far up on the mountain sides, completely 
covering such minor elevations as (Miinabar, tSj^hinx, and Dome moun- 
tains as it flowed northward to the low and broad valley below Yankee 
Jim canyon. This valley it oiMUipied as tar north as Mill creek, a total 
length of 36 miles from the [>ark boundary. The width varied from 
3 to 6 miles, and the depth in Yankee* Jim canyon and the valley 
above it was 3,000 feet. As the neve fields of this great glacier were 
within the Yellowstone Park they will not be discussed in this paper. 

In both the upper and lower of these two valleys this trunk glacier 
received tributary streams of iee. In the upper valley an ice sheet 
crept down from the mountainous region to the east, coalescing with 
another stream of ice frrmi the park that i)nshed ncnthward between 
Sepulchre mountain and Electric j)eak ami tilled the valley of lieese 
creek. In the low^er valley the main glacier was reenforced by numerous 
tributary glaciers flowing westward down the gri^at moinitain valleys 
of JSixmile, Emigrant, and Mill <*reeks, whose united force deflected the 
northern end of the Yellowstone glacier westward against the toot- 
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hills of the Gallatin raiijsfe. The iiev^« fields of these eastern tributary 
glaciers were the brotvd and lii^h mountain sunindts of the Snowy 
range, each of the larger mountain gorges penetrating this rugged 
region, having been the bed of a glacier. The evidence shows that the 
n6v^ fields of these tributary glaciers were of considerable ext(Mit and 
were confluent with those forming the head of the Boulder glaciers. 

LIMITS OF GLACIATION. 

In mapping the arciis occnpied by these ancient ice streams it has 
been tbund difficult to define the exact limits of the ice upon the moun- 
tains east of the Yellowstone, owing to the number of tributary gla- 
ciers and the gradual change from glacial to nonghicial topography, 
while the drift is generally of the same material as the lock upon wliich 
it rests. On the other hand, the drift deposits of the valley are readily 
studied, and the western limit of the drift is shari)ly outlined by the 
bowlders of gneiss and granite resting upon the rocky slo])es of vol- 
canic breccias. The gradually decreasing altitude at which this mar- 
ginal drift occurs as we go northward from the park shows a rapid 
thinning of the glacier north of Yankee Jim canyon. 

CINNABAR VALLEY. 

Both the Cinnabar valley and the surrounding mountain slopes pre- 
Bcnt many interesting evidences of glacial o(f<*ui)aucy. 

Bear gulch and Sheep mountain. — On tlu*. east, the trihutaiy gla<*ier 
of Bear gulch has left a trail of rhyolife blocks from a hill some 8 
miles above its mouth, showing that the ice crowded around this 
corner of the mountain, occupied what is now the h(»ad of Eagle creek 
and merged into the main stream as it overnxle the Hanks of Sheej) 
mountain. It is a noticeable fact that the slopes of this mountain are 
abundantly strewn with erratics, particuhirly about the base, where 
the slopes merge into the bench made by the basalt and travertine 
sheets. The foot of these vslopes is somewhat heavily mantled with 
drift, the bowlders being of moderate size and consisting chiellyof 
gneiss and granite, with many of rhyolite from Bear gulch: this detri- 
tus is arranged in creseentrict loops with small alluvial tlats behind 
them. The bench at the base of the mountain slope is but mildly gla- 
cial and free from bowlders. A till-like material is found in spots, 
mantled by gravels, and alluvium from the mountain sloj)es has largely 
covered the original glacial deposits if any were piissent. Owing to the 
frequency of the small recent faults which have broken and disturbed 
the bench glacial evidences are largely obscured. IJhyolite drift from 
the bluflts of Bear gulch forms a train encountered between the bluflls 
and the ranches of Eagle creek, and Jione was Ibund south of this road 
(i. e., between the wagon-road ami Bear gulch). The erratics generally 
are gneissic, occuiTing in clusters, and very abundant between Eagle 
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creek and Bear gulch. A very considerable accamiilation of massive 
bowlders upon the basalt bench north of the mouth of Bear gulch is 
supposed to be the work of the receding glacier. 

Sepuhher mountain. — The west side of the valley evidences the con- 
flict of the ice streams from the Yellowstone canyon and the Gardiner 
with the lesser stream coming down Eeese creek, which by their union 
formed the trunk glacier of this valley. The upper slopes of Sepulcher 
mountaiii are littered with numerous erratics, the lower slopes in places 
mantled with glacial gravels and sands or carved into typical glacial 
hillocks by the abrasion of the ice. The drift accumulations of the 
mountain flanks are most conspicuous within the borders of the park. 
West of Gardiner tlie slopes attract attention by their rounded, niam- 
millaiy forms, which, upon examination, are seen to be the result of ero- 
sion and not due to a covering of drift. The stage road from Gardiner 
to Cinnabar crosses a typical portion of this area in which the volcanic 
breccia composing the hilly slope is but scantily covered by drift, yet 
the topography is strongly morainal in its contours. 

The valley bottom. — The immediate valley bottom contains much drift, 
which in the lower levels is of course terraced by alluvial a(*.tion. The 
town of Gardiner is built upon such a bowlder-covered terrace, the 
erratics being chiefly gneiss. Olnwlborn's ranch to the north is built 
ui)on a well-defined moraine of great gianite bowlders that outline the 
northern limit of the Sepulcher mountain moutoni^e forms. The valley 
bottom in this vicinity evidences various stages in the retreat of the 
ice sheet. North of Hopi)e creek the stage road follows a depression 
with a level bottom some 125 yards wide between two ridges of bowlder 
drift. 

•In general the valley has been subject to considerable glacial erosion 
during the maxi mum extension of the ice, and the deposits of drift mark 
j)hases in the retreat of the ice. Mention should be made of the large 
deposits of ghicial gravels forming kame-hills about the debouchupo of 
Eeese creek. The drift is all from the head of this lateral valley and 
brought by a branch ice stream jiouring down the valley from the Sep- 
ulcher-Electric divide. From Cinnabar station to Cinnabar moun- 
tain the valley bottom on the west is wholly alluvial. 

Cinnabar mountain. — The Cretaceous spur of coal-bearing rocks that 
terminates in the upheaved beds of Cinnabar mountain jiresents no 
special features of interest, though drift-cx)vered hills of glacial gravels 
that ac(;unuilated at the base of Cinnabar mountain while the ice was 
crowdijig over its summit seem to prove that stagnant portions of the 
ice fillel this place while the main current pushed through the gorge 
to the north or over the mountain top. Bowlders of gneiss and andes- 
ite resting upon the stratified beds prove that the ice passed over the 
summit. 

From Cinnabar mountain to Yankee Jim canyon the course of the Yel- 
lowstone is northwestward, and that the northward-pushing glacier was 
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deflected by the high mountains northeast of the river is eyidenced 
by the drift carried from the Cinnabar mountain. Themomitain slopes 
on the east side of the river show considerable evidences of glacial 
abrasion, benching, and the usual erratic blocks, but were not studied 
with the same detail as those to the west, which promised more defi- 
nite and imi)ortant results, but the drift shows that the ice overrode the 
slopes to a height of about 3,000 feet above the present stream. 

The western side of the canyon, north of Cinnabar, to the gorge 
called Yankee Jim canyon, presents a different type of glacial erosion. 

The present canyon of Cinnabar creek is a post-glaeial cut in a bench 
of granite whose surface presents fine examples of glacial polishing 
and scoring. A short distance northward the lower slopes are formed 
of the breccias which have been eroded by the ice. Seen from the 
slopes of Dome mountain this hilly area presents a peculiarly mam- 
milated appearance. The hills formed of dark volcanic breccia of 
augitic rocks which when traversed is found to form rough craggy 
masses with a generally humniocky topography, there being no drainage 
and sharp basins lying between. It is a combination of glacial topog- 
raphy with post-glacial settling or land slides. Glacial gravels cap 
many of the knobs, especially east of the road, but erratics are rare. 
A peculiar feature of the northern end of this area where it runs into 
the basin at the south end of Yankee Jim canyon, is the fact that these 
hills run into ridges which are prolonged by glacial gravel. This 
gravelly drift shows blue quartzite, granite, and many varieties of andes- 
ite, but no basalt or rhyolite could be found. 

A x)eculiar, tarn-like lake occupies one of the peculiar depressions 
in this foothiU area, but is not dammed by glacial gravels. The slopes 
above these hills form the flank of a small elevation known as Sphinx 
mountain, whose glaciated summit, eapi>ed by numerous erratics, is 
2,400 feet above the river. The andesitic breccias and basaltic flows 
forming the southern slop(\s of the mountain have been eroded by the 
ice into the characteristic knob and sink contours with very little small 
drift, though bowlders of granite with rarer erratics of sedimentary 
origin are abundant on flanks and summit. The eastern slopes are 
somewhat benched, and the northern sk)i)e shows a considerable ac- 
cumulation of detritus forming glacial hummocks resting upon the 
rocky flanks. 

Cinnaharhasin. — Cinnabar basin is an elevated mountain park drained 
by the northern fork of Cinnabar creek. The valley of the main creek 
is a narrow cut with rocky walls and presents no j)oints of interest in 
this connection, though evidencing the extent of post glacial erosion in 
the walls of its inner gorge. The basin on the other hand is a pre- 
glacial valley greatly modified by its occupancy by ice and filled by 
glacial detritus. Looking down ui)on it from the surrounding moun- 
tain walls its smooth cont/)urs, pockets, hummocks, and rounded knolls 
and sinks show very clearly the work of the glacier in producing the 
Bull. 104 2 
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present condition. Of the two streams which drain it the larger heads 
in a glacial am [)hi theater under the bold walls of the main summit of 
the range, and flows through a trenched channel; the other heading in 
a. smaller mountain amphitheater, filled with hummocks of drift, 
meanders through a broad marshy area flanked by dntt hills and gravel 
flats, and has not cut througli the alluvium and drifb which fill the 
valley bottom. These streams uniting form the north fork of Cinnabar 
creek. A trans veise moraine has deflected this stream, where it joins 
Cinnabar creek, and forced the waters to cut a channel through gneiss^ 
thus retarding the down-cutting of the stream above. 

Transportation of bowlders to a higher level. — The high mountain ridge 
that forms the western wall of Cinnabar basin was covered by the ice 
to a height of 8,000 feet, tlio drift terminating abruptly at that eleva- 
tion. The bowlders of tliis locality evidence an interesting example of 
the transportation of material from a lower to a higher level. At 7,400 
feet the bowlder drift contains, besides tlie usual types of granite, 
gneisses, etc., many blocks of limestone and Dakota conglomerate, 
whose only source is Cinnabar mountain. Xone of these bowlders occur 
at lower levels, and as there is but one source it proves a iBOvement of 
the ice over Cinnabar mountain westward. These bowlders are five 
and a half miles west of and 350 feet above their highest possible 
source. Bowlders of pink quartzite and shaly Cretacjeous sandstone 
occur on these same slopes at a higher level. These bowlders furnish 
absolute evidence of the crowding of the glacier westward by the bend 
in the valley. As the constricted river gorge could hold but a small 
part of the glacier, the ice was forced to override Cinnabar and Sphinx 
mountains and filled Cinnabar basin, leaving a record of its margin as 
high as 8,000 feet on the western slopes. These western sloi)es which 
were not ice covered in turn deflectiMl the ice stream, which in its course 
northward gouged out the beautiful little glacial valley followed by the 
trail from Cinnabar basin to the h)wcr Yellowstone. At the south end 
of this cut the hammocks are of glacial drift. Two lakelets occupy de- 
pressions in its bottom, being confined by drift, but detritus is not 
abundant, consisting of scattered erratics, mostly of gneiss, with a few 
of andesite upon the adjacent sloi)OS of volcanic breccia. The northern 
end of the cut is occupied by a small stream called Teepee creek, head- 
ing in a lakelet fed by a clear spring of water. The creek is actively 
cutting down a gorge in the mountain side, but does not follow the old 
course of the ice, which here crowded around the shoulder of the ridge 
separating Cinnabar basin from Tom Minor. 

YANKEE JIM CANYON. 

Yankee Jim canyon presents a very perfect and striking example of 
the eroding power of ice and of glacial sculpture.^ It is a narrow gorge 
cut by the Yellowstone in metamorphic gneisses, through which the 

1 A charming description is given by Sir Archibald Geikie; see Geological Sketchet. 
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river rushes in a torrent of beryl green quite unlike the placid stream 
above. The glacier which once filled this canyon and overflowed its 
walls has broadened it and rounded, x^^^^^^'d? ^n^ poliished its sides 
from bottom to top. The eastern wall, formed by the sides of a low, 
rounded knob known as Dome mountain, shows striated surfaces and 
ice-worn bosses, dotted with erratics almost to its summit. On the 
west the slopes above the polished surfaces of the immediate canyon 
wall are ice worn and are carved into typical glacial ridges and mou- 
tonn^es, with a general bench structure to a height of 8,000 feet, or 
3,000 feet above the river. Indeed, knowing the activity of disinte- 
grating agencies in a climate where frost is an almost nightly visitor 
during the summer months and the winters are long and rigorous, it is 
surprising to find these evidences so fresh. 

Erratics of gneiss are conspicuous wherever the surfaces have per- 
mitted their lodgment, and dot the ice-worn bosses at every altitude, 
so that it is certain that the glacier was 3,000 feet thick at this place 
and proves that this ancient glacier of the Yellowstone was of greater 
magnitude than has been ordinarily supposed. 

The extreme erosion at this point of its course by the old glacier was 
due no doubt to a considerable contraction in its width, coincident with 
a narrowing of the valley bottom more than one-half, whereby a large 
part of the ice was forced to rise upward and override the higher 
slopes. 

• The morainal ridges of drift;, the ice- worn bosses, and the erratics 
in the sag east of Dome mountain prove that a considerable portion 
of the ice, unable to crowd through the gorge, found an independent 
entrance into the brojid lower valley of the Yellowstone. The sag 
itself shows considerable accunuilations of detritus, forming benches 
and elongated ridges running north and south. Erratics were observed 
as high as 8,100 feet upon the spur east of this sag. Their absence 
above proves this, to be the limit of glaciation. 

EMIGRANT VALLEY. 

Before passing through the lower canyon, the so-called gate of the 
mountains, to the broad and low valleys of the lower course, tlie Yel- 
lowstone flows through a broad valley, encompassed by mountains upon 
every side, a grand and beautiful intcrniountain basin, 30 miles long 
and from 3 to 6 miles wide. On the west the slopes rise gradually to 
the castellated crests of the Gallatin range; on the east the high pin- 
nacle of Emigrant i)eak overshadows the valley, while the si)ires of 
Mount Oowen and its neighbors form a serrated wall, shutting in the 
noitheastem part of the valley. Broad alluvial bottoms, with inter- 
osculating channels and islands bright with cottonwoods, mark the 
river's course. Th^ broad terraces on either side are cut by numerous 
tributary streams issuing from their mountain gorges, supplying occa- 
sional farms, whose bright stretches of grabi and tilled fields intensify 
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tho contrast between the fertile valley and the barren -wilderness of the 
surronnding mountain slopes. 

The geological observations hitherto made in this valley led the e-arlier 
geologists to suppose it to be the bed of an extinct lake, and the lake 
beds preserved beneath a proteciting sheet of basalt show that auch was 
once the case. A later episode in the history of the valley, and one 
that has given it its present surface, was the extension of the Yellow- 
stone glacier northward, filling the southern half of the valley and de- 
l)0siting the glacial detritus, c/)vering the higher levels and the gravels 
of which the great alluvial terraces are built. 

The glacial stream confined within the narrow gorge of Yankee Jim 
canyon and the adjacent mountain slopes si)read out and filled the 
broad bottom of this valley, depositing much of- the detritus whiclithe 
ice had transported from the mountains. These morainal aocnmula- 
tions are most interesting upon the eastern side of the valley, where 
considerable areas are covered by drift hills and kames, with abandoned 
channels of subglacial streams, and a chain of morainal lakelets add 
their charm to this peculiar scenery. 

Upon the west side the immediate valley bottom is formed of alluvial 
terraces and the detritus of streams from the mountains, while the 
adjacent slopes are bowlder strewn and marked by a very striking and 
peculiar system of terrace lines. 

Mountain canyons. — As the stru(»tural geology of the mountainoas re- 
gion to the east of this broad valley was studied by Mr. J. P. Iddings^ 
I am indebted to him for notes upon the glaciation of the deep gorges 
which held large ice streams tributary to the trunk glacier of the Yel- 
lowstone. These glaciers pushing out and across the valley left their 
drift upon the extreme western margin of the glaciated area nearFrid- 
ley's. All these mountain valleys show in their rounded slopes and ice- 
worn rocks and their general broadening that they have been sculp- 
tured by the ice streams they once held. (See PI. in.) That these streams 
were of considerable size and thickness, is proven by the height to which 
the ice-Avorn bosses and ice-borne erratics have been found upon the 
mountain slopes. At the head of Sixmile creek a granite bowlder was 
found resting upon volcanic rocks at a height of 9,500 feet, thus proving 
that the glacier not only filled the great amphitheater at the head of 
this stream, but overrode its high encircling walls. 

Morainal heapings. — The southern part of this great intermoontain 
valley is coveied with a superficial de[)08it of glacial drift that marks 
the area occupied by the ice. On the east side of the Yellowstone these 
morainal accumulations extend from the mouth of Yankee Jim cauyon 
northward beyond the debouchure of Mill creek, interrupt-ed only by 
the terra<5ed drainage cuttings made by Sixmile and Emigrant creeks. 
As a whole this material is heaped into a tumultuous assemblage oi 
knobby or mammillary hillocks with corresinrndingly sharp dei^ressions, 
and the material is both unassorted and of kame-like stratification. 



wBED.j DUCK LAKE, 21 

Morqinal lakes, — A notic<*able feature of the toiwfpraphy of this part 
of the valley is a chain «)f lakelets lyin^ in a well dertned depression be- 
tween the base of the mountains and the dritt-strewn summit of the 
basalt table. The largest of these bodies of water is known as Duck 
lake (see PL ii), and, with it.s companion lakelets, belongs to the 
ty]H.' of lakes due to dams of morainal material. This is perhaps most 
]>lainly shown in the case of the middle lakelet whose scalloped lobate 
form is due to the fact that the lake iills several a<ljacent morainal hol- 
lows. The drift is mainly small and partially assorted, forming typical 
kames. 

East of these lakes a lateral moraine composed of quite large bowl- 
ders and more angular debris, largely of blocks 2 to 10 feet across, 
forms a prominent ridge running nortliward along the mountain side 
west of the stream tributary to Duck lake. It is the work of the ice as 
it spread out into the vfilley from the narrow be<l of the canyon above 
and consists of fragments from the walls and slopes of Yankee Jim 
canyon. 

J>uck lake itself is a pleasing sheet of dark blue water, oval in out- 
line, and forming an agreeable change to the eye after traveling over 
the monotonous moraine. The water is somewhat opaline at the wind- 
ward side, the northern shores being gravelly beaches, showing a high 
water line some 2J or 3 feet above tin* present level of the lake (in 
September). At the south end the shores are nuiddy and form the ter- 
mination of a somewhat extensive niarsliy bottom that tills the de- 
pressicm betw^een this lake and the smaller body of water to the south. 
The large drift is much more abundant immediately north of Duck 
lake than it is farther away. 

North of Duck lake the wagon road follows a shfillow, alluvial Hat, 
separated from the bed of Duck lake by a train of detritus brought down 
by small streams from the a<lia(*ent mountain slope. Beyond this flat 
the kames attain their most characteristic development, consisting of 
gavels and sand rudely assorted and forming hillocks 15 to 20 IV^et 
high, capped by cobbles and bowlderlets chietly of gniess and separated 
by sharp vsinks and kettle holes. The road follows a gentle grassy 
depression formed by a glacial stream running to the iKnthwest. This 
channel once held a good sized stream whose waters were burdened 
with silt and sand, with which it built up the terractd sides of the pres- 
ent grassy draw. That it is not an old channel of Sixinile creek is 
evident from its situation and the fa(jt that such a stieam would not 
desert so well formed a channel, and, furthermore, by the presence of 
an area of hummocky drift hills sei)arating this old creek b(»d from 
the present drainage channels of Sixmilc creek. 

Sixmile creek at present Hows in its old bed. A newer channel, now 
drj', being found on a terrace above the present creek marked by a line 
of cottonwoods and evi<lently occu])ied for many years. The broad 
gravel flat which now carries the water- has been made by a stieam 
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much larger tban the present creek, being in fact large enough to 
accomniodatie the Yellowstone itself. Between this channel and the 
basalt table to the west there is an area of morainal drift of some inter- 
est. A terrace about a quarter of a mile wide separates these morainal 
hills from the immediate gravelly flat of the creek, and the moraine 
tenninates in the rear of this ternice in a steep bowlder slope very dif- 
ficult to climb. The summit of the moraine is fairly level, thickly 
strewn with basalt bowlders from the basalt sheet to the west, with 
occasional erratics of gneiss and limestone. The bowlders average 2 
to 3 feet 'in diameter and some 2 or 3 feet apart, resting upon smaller 
cobbly material. Small sandy benches occur occasionally, marking 
the site of small inarginal streams. The north slope of this moraine is 
gently undulatory and knobby, while the southern slope is free from 
knobs and sinks, being a fairly level surface falling gently to the south- 
west, toward the old glacial stream channel heading in the moraine 
near Duck lake and holding a small alkaline lakelet. There is a notice- 
able decrease in the size of the bowlders as we go westward over this 
moraine. Between Sixmile and Emigrant creeks the moraine is a very 
gently accentuated knobby area, the hummocks rising but a few feet 
high,^with many sandy level areas and a general inclination to the west 
of the entire area. 

North of Emigrant creek the country is nearly similar to that just 
described, being but mildly morainal, the drift mainly under 12 inches 
in diameter and the larger bowlders being half buried in the smaller 
gravelly debris. Large bowlders are, however, frequently seen, with 
typical erratic form, striated sides, and beautifully polished, glistening 
surfaces. One fine iutermorainic hollow was crossed that evidently 
served at one time as a temporary channel for a subglacial stream. 
This channel is 75 yards wide and heads in the drift hills. Beyond 
this channel the hummocks to the north are very rough and form a 
strip of country extending northward to a second subglacial channel 
heading in these hummocks and but 25 to 50 yards wide. Beyond 
here the hills are gently contoured, but typical in form and extend to 
the broad depression holding the lakelet shown upon the map. This 
depression is part of the glacial flood plain. Beyond the lakelet a 
narrow strip of moraine extends parallel to the river, nearly to the 
mouth of Eightmile creek, being separated by a broad, sandy terrace 
from another area of morainal debris, forming the hummocky lands 
lying at the base of the mountain slopes just south of the debouchure 
of Mill creek. 

Basalt tables. — The central part of the valley is occupied by a mesa 
of lake beds capped by basalt. This forms two separate areas, of 
which the largest is on the east side of the river and extends from 
Point of Rocks northward to the mouth of Sixmile creek. The table 
is about () miles long and 3 miles wide, its summit being about 250 feet 
above the surface of the river. The top of this mesa shows occasional 



.] BASALT TABLES OLD STREAM CHANNELS. 23 

bare surfaces of tbe basalt geuerally as low domes of rock. 10 to 50 
feet wide and 50 to IW feet loug, tbe basalt being smootbed and stri- 
atedj tbe groovings running parallel to tbe river. Tbese domes of 
rock are generally scantily scattered witb bowlders. Tbe summit of 
this basalt table sbows in its striated and ixilislied surfaces and its 
low moutonnee contour tbat it lias lieen subjectetl to considerable gla- 
cial erosion. Tbe retreating ice sbeet lias strewn its surface witb 
bowlders and smaller glacial drift. 

A tbin mantle of drift, liowever. generally com^eals the surface of 
the basalt. At tbe mutbern eml tbe sl<»i»es are thickly scattered 
witb bowlders of granite, blaek mica scliist tiaivi and iK'casional bUx'ks 
of creamy white limestone, while a laige proportion of tbe drift 
consists of basalt bf»wlders. Tbe iii»rtliern and western etlges of tbe 
mesa are surmounted by sharp ridges uf drift that rise 15 to 1*0 feet 
above the undulating sinks and swells of the general surface. A ti*ain 
of bowlders forms a ridge crossing the table to the southeast, and the 
general surface is i>aved'with cobbles, the space between tilled witb 
small drift. In the central part of the table the bowlder ridges are 
well defined, running north and Siiutli with long narrow grassy depres- 
sions between. These hoHows form a conspieuous feature of the sum- 
mit; being filled with sand and alluvium and well grasseil they form 
excellent pasture groumls that extend tor a mile or two south, running 
into a confused heaping of drift with knobs and with small and dis- 
connected sandy flats between. 

The character of the ilrift covering the basalt table has already been 
indicated in the precetling paragraphs. The large bowlders which are 
particularly abundant ui»on the northern portion of the table contain 
a considerable variety of material in which basalt, identical in all re- 
spects with the rock beneath the drift, predominates. Bowlders of 
gneiss and schists are abundant, and occasional blocks of white quartz- 
ite and of pitted paleozoic limestone are very conspicuous. The glacial 
striae show a movement down the main valley. 

Glacial stream channels, — The existence of considerable streams flow- 
ing iTom the ice front is established by the many channels and sandy 
terraces associated with them, which cut across the drift hills or 
bead within the morainal area. Besides these channels, formed by 
temporary streams flowing from the ice front, the streams from tbe 
east, notably from Sixmile and Emigrant gulches, have not always 
occupied their present beds, but in glacial times flowed in channels 
subsequently abandoned ui)on a recession of the ice or its complete 
disapi)earance. Thus the ]»resent wagon road from Findley ti» Chico 
follows a well defined and broad water course, cut in the sandy mo- 
raine and heading in a broad sandy plain at a level with tbe summit 
of the moraine and some 75 feet or so above the present bed oi Emi- 
grant creek. All traces of the stn*am channel end in this sandy 
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terrace, which was the flood plain of the creek at the time the Emi- 
grant gulch glacier had retired within the walls of the gulch. This 
channel was subsequently abandoned because silting up afforded an 
easier outlet for the water in the present course which has been cut 
down and forms the present channel of the creek. 

Two small channels produced by subglacial streams have already 
been noted in describing the moraine north of Emigrant creek, but 
such channels are numerous. One of the largest, a rather shallow 
waterway with sandy terraces cutting the glacial flood plain and run- 
ning north parallel to the road from Chico to Mill creek. Two cut 
deeply in the moraine south of Klbow creek, and others occur in the 
moraine area south of Sixmile creek. The deflection of Sixmile creek 
to the northward into tlie valley is caused by the accumulations of 
drift. 

The largest of these glacial stream channels is probably that which 
lies back of the basiilt table, a broad river bed heading in a low divide 
in the moraine above Duck lake, and extending down to the Yellow- 
stone opposite Boettlers. It opens out into the great alluvial or gravel 
flat of Sixmile and Emigrant creeks, above which the moraine ridges 
rise with steep scarp slopes. 

Another very marked channel lies east of this last and runs parallel 
to it, heading in a sandy terrace flat some 75 feet above and near the 
north end of Duck lake. This glacial (or subglacial) stream channel is 
one-third of a mile wide in its broadest part, with flat sandy bottom 
showing no water channeling. Near Duck lake the side walls of the 
coulee show longitudinal ridges or embankment-like heapings of bowl- 
ders. The floor of the depression is usually entirely of sand, but as the 
head of the ancient channel is approached the sand becomes coarser 
and grades into fine gravel which in turn becomes larger nearer Duck 
lake. In the lower part of the coulee bowlders are quite rare, but be- 
come more plentiful near the head. As is the case with the other 
ancient channels noted this one heads in sandy flat or plain in the 
moraine. 

Drift deposits. — Upon the western edge of the river there is only a 
narrow strip of valley between the river and the foothill slopes, and 
this is entirely occupied by alluvial terraces from Tom Minor creek to 
Big cree^. From Daileys to the nort hern limit of the drift, neai; Eight- 
mile creek, the moraine covers i\\Q higher portion of the valley bottom 
above the alluvial terraces, presenting the usual types of conical hills 
of drift with an abundance of bowlders, many sandy flats and deserted 
subglacial stream channels. As already stated, the margin of the drift 
is readily traced upon the volcanic breccias forming the bare rocky 
hillsides which inclose the valley on the west. On the ridge north of 
fiock creek there is a well defined drift-covered bench at 7,740 feet. 
On both sides of Big creek the upper limit of the glacial detritus is 
about 6,800 feet. North of here the elevation rapidly declines untQ 
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west of Pridleys tlie drift covers tlie low triangulation bill, beyond 
wbich it is limited to the valley bottom. 

Terraces. — In tbte southern part of the valley these drift-strewn hill- 
sides are characterized by a remarkable terracing of tlie slopes par- 
ticularly prominent about the deboucliure of Dry creek. The great ter- 
races of Tom Minor basin and the equally <lefinite terraces of Hock creek 
and Big creek, also lie witliin the limits of the drift and are (5oincident 
with the occupancy of the valley by the Vellowstone glacier. Several 
significant facts lead to this belief: These great benches are best marked 
where tributary valleys join the Yellowstone; they (xjcur only upon the 
western side of the old glacier, an<l near its margin; they always occur 
within the bowlder-strewn area, and never above the limit of the drift, 
and they are cut in horizontally bedded volcanic brecciiis. The size of 
these benches will be appreciated by a look at the ma]) showing their 
development about Big creek — a locality where they attain a very promi- 
nent development. On the north side of Big creek such a terrace forms 
a beautiful Hat-topped grassy 0])en bench, a mihi wide. The surfiice 
has a slight gradient toward Big creek, and also to the east, passing 
imperceptibly upward into the mountain slopes in the rear. Bowlders 
are very abundant upon the eastern portion of this bench, and on the 
8loi)es immediately above it, but are rare west of the first fork of Big 
creek. This fork and the one to the west, have cut deep trenches in the 
bench, exposing sections showing thfit it is formed of andesitic breccia 
covered by drift, the latter being seen to be as much as 100 feet thick in 
certain places. The bench is continuous t»astward t^o the valley of the 
Yellow^stone; seen from the higher sloi)es to the south it is a broad fiat, 
withtlie slope above it faintly lined by two narrow terrace-like mark- 
ings, of which the uppermost corresponds to the upper limit of the glacial 
drift. No such bench was detected upon the spur south of Big creek; 
but granite bowlders resting upon the basaltu*. volcanic breccia show 
that the upper limit of the drift has about the same elevation. 

Similar benches are extremely ])romincnt in the basin of Tom Minor 
creek, and occur, though of much less extt^it, in tlu^ si<h»s of the valleys 
of Rock, Dry, and Stiicklin creeks. The Hock creek benches, though 
less extensive than those of Big (trcek, bear a similar relation to the 
drift. At this place the upi)ermost benith is the best delinc^d, and cor- 
responds to the ui)per limit of glacial <letritus. The surface is fairly 
level, with pit-like hollows and occasional knobby hillocks rising above 
it, the general surface being covered witii tine* gravel and sands and 
occasional bowlders, in markt»d contrast to the bare, driftless shapes 
above. Below this bench the slopes show rugged stt»eps of breccia, 
proving considerable i)ost-glacial erosion, though drift is abunchint, 
both as bowlders upon well defined rocky benclies and as ridgc^s ami 
groups of hills formed of glacial gravels. On the soutii side of Kock 
creek there is a narrow bench scoring tiic mountain sh)|H» and con- 
tinues tbr several mih»s, though cut by drainage channels. This bench 
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marks the upper limit of glacial drift, 7,800 feet, and is generally em- 
phasized by a cbaiuiel-like depression on its rear snr&ce. 

Striated riiUty Hhpes. — Aasocintcd with the great terraces jast men- 
tioned is a wonderfully Hue series of terrace lines scoring the slopes 
below the limits of the drift, liack of Dailey's thirteen beautifully 
marke^l sU^ps can be ivtinitcd on the slopes we^t of the valley as shown 
in Fig. 1. It is ;it once apjiaiciittlnittliese terrace Unes are noti>artof 
ii system of lake tcriiucs. Tlicir lack of horizoiitality, their lack of i-ela- 
lation to other tc^iTiici's pntN this beyonddoubt, and shows that they owe 
their oiigiii to soincotticr !i;;('ticy, eilhertheice sheet itself or margiusil 
streiims. Theso benches occur about the dcbouchui'c of Stricklin creek, 
where the higher lines form pruniiitc-iit scorings U|ioii the slopes. They 
are all grassed and show no precipitous ijcarp. Tlieir couaectioii with 
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the great benches of Tom Minor, Big creek, etc., was a subject of inqairy, 
and it was found that the higher terrace lines about Dry creek follow 
tbe slopes around and run into the great benches of Big creek. Such 
at least appears to be the tnise when seen ftom tbe edge of the basalt 
table east of the river. The lower terrace lines do not show in the 
Big creek canyon, in fact would not be expected to, but the slopes 
about the debouchure of Big creek show detlnite and well marked ter- 
race liues, only less prominent than those of Dry creek. To the soath 
tbe higher bench lines show veiy markedly on the slopes south of Big 
creek, though uneven and lacking the beautifal uniformity of the Big 
creek benches. The slopes up to 400 feet above the river are generally 
hummocky hills, of bi'eccia, with intervening sinks, resembling in a gen- 
eral and distant view a mammillnted surface, in which the hummocks 
are quite large. Granite bowlders are abundant, and occur up to 10 feet 
in diameter. North of Dry creek the lower benches fade out in these 
slopes, the higher lines, corresponding to the fuint lines seeu on the slope 
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nortb of Big creek, forming a prominent grassy bench above the mam- 
millated contours of the breccia foothills and below the steep mountain 
slopes. This bench expands into a ^-shaped area on the south side of 
Stricklin creek. 

These strongly marked terraces, which form such prominent feautures 
of the slopes inclosing- the valley on the west, have no counterpart on 
the east side, Avhere the moraines show an entirely different phase of 
glacial a<!tivity. 

While these terraced slopes characterize the southern portion of the 
morainal area west of the river, where the valley bottom is low and 
occupied by alhivial terraces, the valley widens out nortli of Dailey's, 
aud the morainal drift covers a gradually lessening portion of the fooV 
hill slopes, until Avest of Fridley the nuirgiu of the drift lies at the foot 
of the slopes. 

In general, the morainal areas of the valley bottom are similar to 
those found upon the eastern si<le of the valley. Rolling hummocks of 
unassorted drift predominate, while there are many ridges of morainal 
gravel having a north and south trend with channel de[)ressions 
between. There is a considerable variety of bowlder drift largely 
gneissic, but containing also scmie sedimentary material. 

The basalt table of the eastern i)()rti()n of the valley is represented 
here by much smaller and detached portions of the same sheet, also 
covering lake beds whi(*h, in this casc^, are shore de])osits. Tliis noith- 
ern portion of the basalt sheet forms a narrow table north of Van 
Horn's, a mesa whose summit is a quarter of a mile broad, extending 
from Sheep creek north to tiie marsh bacik of Fridley. The level top 
is scantily strewn Avith drift, usually all small, only two large erratics 
being found, both at the extreme northern end. The drift is mainly 
andesitic, though white quartzite is prominent in the detritus covering 
the south end of the table. 

The northern part of the morainal area shows a somewhat prominent 
t^iTacing of the surface in general, thougli the upi)er benches are quite 
rolling. Large erratics are not very abundant, and are generally, 
though not always, lound on knolls formed of smaller bowlders. There 
are many sandy alluvial Hats and shallow basin areas, having no con- 
nection whatever with existing drainages. About a mile north of 
Fridley's the terraee bluff is cut by an old river channel, a distinctly 
marked waterway, with gcMieral northerly course and an elevation of 
170 feet above the i)resent wagon road. A morainal ridge with rolling 
surface lies b(»tween it and the terraee sear]) to the east. Westward a 
bank of water-assorted gravel marks its borders. The surface of a 
higher terrace 230 feet above the river shows a di'ilt moi'aine modilied 
by water. 

Foothill canifona, — A most curiously interesting feature of the drift- 
covered are^i is the inesence of tiansverse canyons cut in the breccias 
directly across the slopes of the foothills. Their constant relation to 
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the ice margin suggests tbat tliey liad their origin diu'ing tlie period 
of glacial occupany ot* tlie vallc»y. Tliey are oi* considerable length, 
sometimes presenting several miles of nnbrokiMi walls. Their general 
direction is a most striking anomaly in the general structure and topog- 
raphy of the neighborhood, for the canyons cut across the slopes 
sometimes in ai)i)arentin(lifrerenee to deeply trenched drains and rocky 
spurs alike. 

In des(*endingj the foothills which lie at the base of the Gallatin 
range west of Fiidley and form the western bonndary of this beauti- 
fnl monntain vall(»y, a remarkable t ran verse cut or gorge is encountered 
just before reaching the hnmmocky surface of the valley bottom. This 
gorge is cut directly across the sloi)e in the rudely bexlded voUianic brec- 
cias with their intervening sheets of basic lavas. The walls are generally 
sharply defined, vertical, or nc^arly so, and show line exposures of the 
rocks above a sloping pediment of talus blocks. In height the wall 
varies cwmsiderably, but frcMju(»ntly rises over 100 feet above the bottom of 
the canyon. The width varies also, but is usually from 50 to 200 yards 
from wall to wall, the bottom being more or less narrowed by the tains 
slopes which encroach upon it, and in i)laces comidetely cover it. One 
more or less continuous cut was followed from the mcmth of the second 
gulch south of Eightmile creek, south about 5 miles to JStricklin creek. 
Sometimes there are two or even three i»arallel canyons, in which case 
the highest is the largest and longest. 

A x)eculiarity of these canyons is that they can not be seen from the 
valley, and when approaching the foothill slopes would not be noticed 
even uikui close insiu^ction until actually encountered. They tbrni ad- 
mirably sheltered refuges for the cattle pastured upon the neighbor- 
ing hills, and have in the i)ast served t\w same purpose for bands of 
bighorn and buffalo, both of which have been slaughtered here in great 
numbers, as is proven by the nunn^rous skulls. 

Only the veiy largest of the foothill stream channels cut across the 
upper canyon, while the smaller gulches open into it, the opposite wall 
being unbroken or marked by a slight depression. This peculiarity is 
best illustrated by giving my notes upon a i)ortion of this canyon, 
which was followed for the i)urpose of ascertaining its extent and its 
origin. 

Entering the north end of the gorge, at the mouth of the gulch soutli 
of Eightmile creek, it is at once evidc^nt that we are in a cut of uiost 
unusual structure. It is about 100 yards wide from wall to wall, the 
rocky ledges being 40 to 5'.) yards above its bottom, Avith sloping bases 
of talus loosened by frost from the vertical faces above. 

The canyon bottom is fairly lev(»l between these talus slopes, and 
generally soiled and grassed, but varies nnich in width j at first it is 
narrow, some 25 to 30 yards across, but farther south it witlens to 100 
yards or more, extending as far as the mouth of the tirst gulch, cutting 
the slopes and western wall. This gulch is the bed of a stream, uow 
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dry, belonging to the normal drainage system of the foothills, and is 
the trunk of a ramifying syst^em of deeply trenched little channels 
draining the slopes to the west, but all dry at this time of the year. 
The stream channel opens into the transverse canyon we have followed, 
but does not cross it, and in time of flood its stream must of necessity 
find its outlet through the canyon northward. Opposite the debouchure 
of this dry drainage way the east wall is unbroken, and about 100 feet 
high, a little less than it is farther north. 

South of the lateral gulch just noted the canyon continues unbroken, 
but the walls approach nearer together, the bottom is tilled with 
talus, and progress is difiicult. The walls are here neither so high nor 
so precipitous as to the north. Ualf a mile to the south the walls 
reciede, and the canyon bottom widens out to 150 yards, having a flat 
alluvium bottom, in the middle of which a rocky butte stands up some 
15 feet high, like an island, in the flat. A sag in the eastern wall, some 
10 feet above the alluvial flat, has at some time permitted the escape 
of the pent-up waters poured into this part of the canyon by a consid- 
erable gulch cutting the slopes a short distance west. It is this gulch 
which contributed the alluvial material forming the flat. The main 
canyon cutting extends up to and runs into the mouth of this gulch — a 
significant fact, if the drainage marginal to the ice sheet had anything 
to do with the cutting of this transverse canyon. 

Following around this deflection of the canyon we observe that the 
foothill drain has not cut across the transverse canyon, its east wall 
being here 200 feet high, but has deflected it. 

South of this gulch the canyon, tliough continued the same direction, 
is detacihed from the part already Jbllowcd, and opens out to the main 
valley by a sag in the east wall. To the south the talus has lilled 
up the canyon bottom, so that there is a rise of 50 feet. The walls 
are here only about 40 yards apart, and the talus forms inclosed basins 
of the canyon bottom. The west wall is a sheer face of breccia and 
basalt 125 feet high, with talus sIojjcs overgrown with grass; the cast 
wall is not so high, but as usually the ease forms the higliest ])art 
of a sloj>e running gradually, often steeply down to the general sloi)e 
of the morainal area. Here this slope was found to be cut by a smaller 
canyon iiarallel to and quite like the larger one which was followed, 
though it is but 25 feet deep and runs out in the knobby drift area to 
the north. 

Throughout the length of the canyon so far examined, some three 
miles, there is a noticeable absence of stream gravel in the canyon 
bottom, except where quite clearly brought down by lat<iral gulches. 
Glacial drift is often entirely absent: sometimes occurs scantily in the 
canyon bottom, and very rarely was found on the immediate sloi)es 
west of the canyon. The ne\t gulch to the south is the third thus far 
encountered, and the channel of a stream draining a considerable area 
of the slopes to the west for several miles back, in which it has cut a 
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gorge 300 to 400 feet deep. At the nioutli of tbis gulch the east wall 
of the transverse canyon is breached by a broad depression opening 
into the valley. To the south tlie canyon C/ontinues, but is rather nar- 
row, and the walls, 100 feet or so in h<?ig]it, are flanked by much d6bris, 
often completely filling up the bottom of the gorge. About a mile to 
the south the canyon opens out into a flat some 200 yards, more or less, 
in diameter, the basin being separated from the main valley by a low 
sag in the east wall some 15 feet above the flat. South of this flat the 
canyon divides about a i)illar of rock some 25 feet high and uniting 
continues, with w^alls sf)m(nvhat diminished in height, to the first creek 
channel north of Strirklin cre<»k, where it o])eus out into a gravel terra<5e 
with steep bowldery scarp 1 ')5 feet high. This dry creek is the largest 
drain thus far enccmntered, and it o])ens out into a Avell-defined alluvial 
cone, sloping gently to the east, and running into a flat that is part of 
an old river channel, and confined by morainal hills of drift, 25 to 30 
feet high, on the east. Cnrious to see if the transverse canyon con- 
tinued farther soutli, the alluvial flat was crossed and a continuation 
of the same canyon found and followed to Stricklin creek. 

Relations of canyonn to drift. — The relation of this transverse canyon 
to the glacial drift is most pertinent. It Avas noted — 

First. That the slopes west of the canyon were bare of drift, and 
had not been covered by ice — this was positively established; in only- 
one instance was any drift, observed west of the cutting, and the 
bowlders formed a strip but a few yards wide. 

Second. Drift is generally absent from the canyon itself and, if pres- 
ent, only in small amount. 

Third. The slopes east of the canyon are heavily mantled with drift, 
both in the form of bowlders and as smaller material. 

Fourth. This driit comes from the east, being gneiss and whit-e tal- 
cose rock from the Snowy range, hornblende andesites, and sedimen- 
taries. 

Observations of the slopes east ot* the canyon Avere made at various 
points, and always sIiowcmI the drift extending up to the very edge of 
the east wall of the canyon. 

The larger drift. Avas often found to be arrang<Ml in morainal ridges, 
running parallel to the canyon walls, and passing gradually into the 
more common knobs and sinks. As already stated, the slope east of 
the canyon is frciiuently trenche<l by shorter and smaller x>arallol de- 
pressions cut in the bre<H'ia. The moraiiTal drift of the valley gener- 
ally forms typical drift hills, rarely 25 to 4:0 feet in lieight. 

Origin of trans oerse canyons. — Altera (iareful study of these cuttings 
in the field I am still in doubt as to their origin. A recent faulting at 
first seemed most i)robal)le, and a resemblance to the fault fissures in 
the travertine and underlying l)asalt east of the river about Gardiner 
made this seem probable. Yet this type of canyon would not result 
from noj'mal faulting, which would x)roduce a single fault scarp. The 
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bottom is, moreover, filled in a maimer rather incompatible with this 
theory. 

On the other hand the temporary charact-cr of stroaraa flowing about 
the margin of ice sheet, scaruely warrants the belief thnt the canyon 
has been cut by such streams, even if aided by the drainages of the 
adjacent slope. The work ne^iessary to cut down 100 or more feet 
across these transverse sh)pes, and tlirou^L^^li hard liasalts and indu- 
rated, though easily eroded breccias, is not very onerous, and is easily 
performed to-day even by very small streams, but sec^.ms nevertheless 
to require more time than the existence of marginal streams could 
supply. 

Olacial flood plain. — ^orth of the limits of th«5 drift, the valley bottom 
is filled with the glacial flood plain, largely terrac'cd by the Yellow- 
stone, but still retiiining areas of its original surface. This plain has 
an elevation of 150 feet above the Yellowstone and oi)posite the mouth 
of Eightmile creek is an almost absolute level, the upward slope 
toward the moraine being very faint, as shown by a hand level, which 
gave a rise of only 8 tcet or so in a mile. This is perluq^s the most 
typical part of the morainal apron to be found in the valley. It is 
a flat extending from Mill creek to the Yellowstcme o])i)osite Chicory. 
An old glacial channel runs into it from the south, and the plain ex- 
tends as far as the hot spring near Ohico. On the west side of the 
river the alluvial gravels of Eightmile and of Trail creeks have ob- 
scured in part the great morainal apron, but its level surface appears 
north of Chicory, forming the great bench crossed by the wagon road 
and above the railroad terriice. The most striking view of the termi- 
nation of the moraine is obtained from this plain, near I layden — the 
foreground, of level hfiy fields, with water courses intensified by low 
groves of willow; a i)lain beyond, extending to the abrupt slope of the 
moraine front, whose sharj) crestitd line of hills forms the backgrouiul. 
Approaching the moraine, the surface of the plain is seen to be covered 
with rounded and smooth cobblestones, evenly distributed at some dis- 
tance from the moraine, but arranged in channels near the hummock 
hills. 

The moraine front rises abruptly as steej) hills, wilh bowlder strewn 
fronts, no bowlders being seen on the ovcrwash i)lain. ]So sand is 
seen on the surface of these moraine liummocks. The wa^ion load ui> 
the valley enters the moraine before crossing the middle bian<*h of 
Eightmile creek, and x>asses an intermoiainic hollmv or channel, LTiO 
yards wide, between the two ranges of terminal moraine hills, a second 
chain of hills being crossed by tlie road before reaching the modern 
channel of Eightmile cre^.k. 

Alluvial terrraces. — !N^orth of the moraine of the Y(»llowstone valley, 
and beyond the immediate apn»n forming tlu* moraine* front, the valley 
is filled with morainal gravels, in which the river has cut well defined 
terraces. The best examides of river terracing occur within the morainal 
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drift area, especially about Fii<l Iry. Tininod lately baek and west of that 
settlement the valley pn^sents series of alluvial terraces, the highest 
160 feet or so above the river, bnt the moraine forms well defined ter- 
races, with rolling humniocky surface at 170, 190, and 230 to 240 feet 
above the town. 

Opposite the raib'oad station calhMl Chicory there are three well 
marked river terraces at 25, 50, and 150 feet, respectively, the upper- 
most being the morainal apron or flood plain. The same terrace ap- 
pears on the west side of the river, to the north of Kightmile creek. 

In the lower valley, local it^e streams from Rlbow, Barney, Pine, and 
Deep creeks formed moraines extending down their canyons and forming 
prominent ridges about the debouchure of the creeks, piirti<'nlarly Pine 
creek, where the moraine comes down to the road. As a whole, how- 
ever, this etistern side of the valley sliows no terra<^ing, bnt is an 
apparently gentle, continuous slope fiom the base of the mooutain 
down to the river edge. 

This lower valley is really very beautiful, with grand mountains on 
the east, fertile farms, and abundant water supply. Seen from a lime- 
stone knob staiuling up from the plain near the mouth of De©p creek, 
the valley to the south is a flat, alluvial plain, a few groves of cotton- 
woods marking the river's meandering course, and lines of trees show- 
ing where the plain is crossed by tributary streams from the mountains. 
The valley bottom slopes up from the river on the east side almost imper- 
ceptibly, till 1,000 to 1,200 feet above the Yellowstone, the slope really 
being formed by adjacent alluvial cones. At the foot of the mountains 
a heavy growth of pine timber darkens the slopes, extending up the 
mountain sides as far as the trees <'an obtain foothold, and dotting the 
rugged buttresses and crags of the lower part of this " Hough-enough '* 
range. 

The alluvial cones or foothill slopes show no benches nor definite 
morainal ridges save that, aln'ady noted at Pine creek. They are with- 
out doubt largely formed of morainal gravels washed down when small 
local glaciers oc(Ju pied the unmutain gorges. Between Pine and Deep 
creeks these alluvial trains with detinite morainal ridges reach far up 
into the mouths of the canyons. Where Deep creek debouches from 
the mountains the slopes show several well defined benches formed of 
great granite bowlders; but the benches do not extend more than one- 
sixth ot a mile beyond the canyon, running out in the uppermost part 
of a perfect alluvial cone. 

The high mountains east of the lower valley are deeply trenched by 
narrow canyons that are almost free from glacial detritus. This is 
easily explained by the torrential character of the drainages which 
carried the debris down and banked it up at the mouths of the canyons 
in the high bowlder benches just noted. These fade rapidly into the 
heads of steeply slox)ing broad cones of alluvial gravels and long wash 
sloi)es. 
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On the west side of the river the valley bottom is well terracert and 
bounded by gentle hills in which there are no large streams. These 
sloxies are generally bare and grassy, occasional pines emphjisizing a 
rocky outcrop or defining the basin at the hetwl of some small dry 
drainage way. 

Below the valley the river flows between st^ep rocky walls of up- 
turned sedimentary rock, showing a most beautiful section of the 
Paleozoic beds. The river is cutting down its bed slowly at present, 
and flows in a number of intcroscnlating channels, separated by numer- 
ous islands green with grain or covered by groves of stately cotton- 
woods. 

l>iscu88ion of evidence. — It is apparent from an inspection of the 
accompanying map, ui)on which the outline of the drift has been indi- 
cated, that the ghicier which occnpied the valley bottom, great as it 
was, and coming from that great center of disx)ersion, the Yellowstone 
park, was a very local ice stream. Yet its influence upon the topog- 
raphy, and, to some extent, the scenery of the area covered by it, war- 
rants this extended account of its work. 

In the upi)er mountain valley the gla<»Jal detritus is very small in 
amount, in fact only insignificant deposits have been left in certain 
sheltered positions, though the retreating ice dropped bowlders pretty 
generally over the entire area covered. The work of the ice in this 
part of the field was mainly that of erosion. The amount of this 
erosion it is impossible to tell. Upon the granites and gneisses the 
ice has left an unmistakable record of its power to plane and polish, 
but the volcanic breccias show only the broader features of the erosion 
performed by ice, the rock not being suitable for the preservation 
of the finer features of such Avork, but probably yielding somewhat 
readily to the plucking action of the ice. 

In the lower valley we have direct evidence of an advance of the 
trunk glacier as far north as Fridley, in the glacially planed surfaces 
of the basalt sheets found in the center of the valley. It is supposed 
that horizontal rock layers, such as these, do not present the most 
favorable conditions for ghicial erositm and striation, yet these surfaces 
aiford well preserved evidences of both in their low, rounded, and 
I>olished domes of rock, and their north and south striji?, which must 
have been formed by a somewhat thick sheet of ice moving northward. 
In support of this we have the presence of basalt bowldc^.rs, undoubt- 
edly firom this valley sheet, in great abundance, north of the eastern 
table. These bowlders are generally well glaciated, for the rock being 
very hard and resisting weathering well, preserves such traces in an 
excellent condition. • 

As these bowlders occur for several miles northward from the basalt 

table, and at elevations almost equal to that from which they come, it 

is evident they have been plucked and carried forward beneath the ice, 

and they form farther and confirmatory evidence that the ice stream^ 

BuU. 104 3 
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thinned as it mast have been at this point, was still capable of doing a 
considerable work. It is evident that these basalt bowlders, like those 
torn and transported from Cinnabar mountain, originated and were 
transported wholly beneath the ice, and were not frost-riven frag- 
ments from peaks and aretes projecting above the ice. They thus 
afford a demonstration of the efficiency of the ice stream as an erosive 
agent. It should be remembered in this connection that the fall of 
the valley is only some 200 feet from the mouth of Yankee Jim canyon 
to the extreme border of the drift, some 18 miles, and that the glacier, 
crowded between the mountain slopes and in the gorge of Yankee Jim 
canyon, expanded out to at least twice that width in this broad valley. 
The qaartzite drift and limestone bowlders found on the basalt tables, 
may evidence a pushing westward of the tributary glacier of Emigrant 
creek, following a recession of the valley glacier. At any rate the ab- 
sence of these forms of drift south of this part of the valley is certainly 
significant. It is to such an advance that we must ascribe the mo- 
rainal heaping on the eastern basalt table, though the ridges and ac- 
companying intervening channel-like vales may conform indirection to 
the movement of the ice stream, as has been in the case in the ridge 
moraine of the Boulder glacier. It is believed that the great benches 
or terraces of Big creek, Rock creek and Tom Minor creek are not of 
glacial origin, and that the coincidence of the drift limit with their 
borders possesses no especial significance. The narrow bench lines 
striatiug the slopes about the mouths of Stricklin and Dry creeks, are 
in part at least (see Fig. 1) the work of streams marginal to the ice, 

THE BOULDER GLACIERS. 

General description. — The mountainous area immediately north of the 
Yellowstone Park and bounded by the Yellowstone river on the west 
and north is an alpine region abounding in grandly beautiful scenery. 
It is characterized by a great plateau of Archean gneisses, deeply 
trenched by the many streams which have tlieir sources in the snow 
banks and lakes of their summits, and by high peaks of volcanic rocks 
whose i)eculiar erosion adds pleasing variety to the types of mount>ain 
scenery aflTorded by the limestones to the north and the Archean masses 
on which they rest. 

This block of mountains was very generally covered by ice during 
the period of glaciation, which sent ice streams down the principal 
gorges and mountain valleys. Both the plateau summits and these 
mountain canyons preseut undoubted evidences of the work of the ice 
,in producing the present configuration of the surface. 

To the northward there are two ice streams occupying the principal 
valleys, those of the Boulder and its tributary, the West Boulder. The 
path of these glaciers and the mountain area in which they originated 
present us with very interesting and tyj^ical examples of alpine glaci- 
ation. 
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The principal stream draining tliia alpine area is the Boulder river. 
Heading in the many lakelets which lie nestled in the moimtain basins 
about Haystack peak, the stream flows rapidly through a narrow gorge 
which it has cut through the gi*anites in past glacial times to the point 
where its volume is augmented by a considerable stream called Bridge 
creek. Prom here northward it flows in a bowhler-choked channel 
through the great canyon of the Boulder, whose glistening walls of pol- 
ished gneiss rise 3,000 feet high on either side. For the last few miles of 
its course through this impressive gorge the stream meanders somewhat 
slowly through a network of channels bordered by dense growths of 
sprace and fir, with thickets of brushwood; then quietly glides through 
boggy meadows past the cottonwood-eovered islands at the gate of 
the mountains. Immediately above the i^atural Bridge the stream 
flows in a limestone bed, in which it sotm cuts a rai)idly deepening 
gorge as it flows northward in a series of rai)ids and cascades to 
disappear in a snowy white feathery fall of 25 feet into the tunnel 
of which the !N"atural Bridge forms the portal. Emerging a hundred 
yards to the north and 100 feet below, the stream falls into a tran- 
quil pool at the head of a gorge that is a mile or so long and has lime- 
stone walls 100 feet high. The roof of the first short tunnel is a dry 
river bed, the floor of a gorge that is a continuation of the picturesque 
cutting above the Natural Bridge. The numerous potholes and water- 
worn ledges show that the river nuist flow over this channel in time of 
flood, to fall over a verticjil wall into the pool 100 feet below. The 
beautiful canyon cut in a low limestone anticlinal north of this is, how- 
ever, immediately deserted by the river, which at once enters a tunnel 
in the western wall, only to emerge at the northern end of the canyon. 
That this gorge is occasionally occupied by the river is attested by the 
driftwood and gravel in its bottom ; but the gi*eat slopes of talus, where 
firs CO feet high are growing, show that such occupancy is but tem- 
porary. 

The valley of the Boulder begins at the north end of this deserted 
river canyon, and is cut in the Cretaceous sandstone and shales, rest- 
ing upon the steeply upturned Paleozoic limestones Avhich ilank the 
Archean gneisses, and whose upturned ledges form the eiul of the 
canyon. This valley is about three-fourths of a mile wide, and Hanked 
by walls of Cretaceous rocks, a few hundred feet high on either side. 
In this upper valley the river peacefully meanders in graeeiiil (*urves 
and ox-bow loops, through broad alluvial flats covered by cottouAvoods, 
until it is joined by the West Boulder. Here as it leaves the morainal 
drift the valley immediately broadens out to a nearly uniform Avidth 
of a niile, and the bottom lands and terrace Hats are of greater extent 
and generally occupied as farms. Tn this part of its course the river 
flows more rapidly, dashing against the many great bowlders which fill 
its channel, or cutting the bluffs of volcanic breccia out of which the val- 
ley has been carved i^arther northward. 
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This lower vjilley is extremely beautiful and picturesque; its softer 
contours and bright green slopes being in pleasing contrast to tbe wilder 
and grander scenery of the upper part of the river's course. The walls 
to the west are often picturesquely pinnacled and buttressed by the 
erosion of the breccia, while on the east of the stream are broad and 
charming alluvial terraces. A broad and distinctly cut bench scores 
the slopes of the east, and runs into a broad gravel covered terrace, 
which at the mouth of Cherry creek is 260 feet above the river. It 
forms the beginning of the ternice system of the Yellowstone through 
which the Boulder has cut its way io join that stream in the valley 
about Big Timber. In this lower part of its course the stream is bor- 
dered by a great terrace formed of litits of bowlders and gravel, brought 
down by the stream from the morainal drift of its upper course. 

Like most mountain streams the river has a descent so great that it 
has removed and carried down the greater part of the morainal debris 
which choked its course, a work that is still in progress. 

NM fields, — It is impossible to define the n6ve fields of this region 
because the summits of the high plateau, over 10,000 feet above the sea, 
show glaciated surfaces whi<*.h can not be differentiated from those found 
at lower elevations where there is undoubted evidence of true glacial 
movement in the general toi>ographic relations, and where the sum- 
mits and mountain basins show morainal accumulations in sheltered 
nooks that have undoubtedly been left by the shrunken remnants of 
the greater glaciers. These summits are characterized by an abund- 
ance of lakelets occupying rock basins, or occasionally held by dams of 
morainal material. 

The gorges which head in these basins and amphitheaters, are typi- 
cally glacial in form and show goo<l examples of ice scoring when they 
are cut in the gneisses. Upon the divides and ridges at the heads of 
the gorges, bowlders are frequently fcmnd as instanced at the head of 
Sixmile creek, where a gneiss erratic, a foot in diameter, rested upon 
volcanic breccia, at 9,400 feet in a position which it could only have 
reached by tran^ortation across an intervening valley several hun- 
dred feet deep. It is significant as evidencing a general movement 
northward of the ice sheet covering the cxintral portion of the range as 
well as the more common movements down the mountain gorges. 

The observations of Mr. Iddings, by whom the general geology of this 
monntain tract w.as studied, showed that glaciated surfaces prevail 
about the heads of all the more important drainages the slopes being 
cliaracterized by glacial striae, running away from the divide and down 
the valleys. 

My own observations show similar glaciated areas at the head of the 
Boulder al)out Haystack peak. Haystack basin, a mountain-top ter. 
race, shows beautifully glaciated surfaces of diorite with local drift 
deposits and occasional erratics from the neighboring peaks. Two 
glaciated lakelets make this basin an attractive camp. The slopes 
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of Haystack, crossed by the trail from tlie gold mines, show good ex- 
amples of glaciated ledges roughened by plucking. 

Canyons, — ^From the Haystack mines northward to Bridge creek, the 
canyon is decidedly rugged, with a terraced bottom such as is common, 
in the glaciated canyons of the Sierra iN^evada. The adjacent slopes 
are rugged, and though showing well glaciated surfaces lack the general 
rounding so prominent in the canyon farther northward, and are defi- 
^^fr^y though irregularly benched. These surfaces are barer than those 
to tue north, and apparently more freshly glaciated. The slopes have 
been bared by avalanches, whose paths are plainly marked by areas 
of devastation, in desolate contrast to the flower-covered opens or the 
picturesque pine groves of the neighboring slopes. The stream flows 
.gh a channel, Tcry narrow, steep and ro(*.ky; there are no alluvial 

-.»,8, though well- wooded benches covered Avith talus extend along the 
canyon bottom. 

The first and in fact the largest open or park of the canyon, called 
Hicks park, is situated about ten miles below the mines. The stream 
leaves its rocky bed a few miles below this and flows thereafter over a 
bed of bowlders and morainal debris filling the valley bottom. In fact 
the quantity of debris left by the retreating glacier is so great that the 
stream, notwithstanding its steep descent, has been unable as yet to 
clear it out. Below Hicks park the canyon walls are much nearer 
together than farther north and show beautifully glaciated moutonneed 
surfaces. (See Plate iv.) Considerable morainal accumulations fill the 
canyon bottom at the mouth of a large stream from the west, the open 
hills being known as Lick park. Two lakelets fill hollows in an old 
river channel in this moraine, and sharp ridges of debris fill the bottom. 
Below this point the canyon walls recede, and the glacial U shape is 
very prominent. 

This canyon of the Boulder is extremely disappointing to the trav- 
eler. The walls below Lick park, tlicmgh rising to great altitudes, 
3,000 feet and more above the stream, are receding, generally wooded, 
and do not fulfill the promise of rugged beauty given by the entrance 
to this great gorge. This is no doubt largely due to the general round- 
ness caused by glacial erosion. The bosses of rock in the canyon 
bottom and the upper walls alike show glacial rounding and polishing 
shown in Plate iv, and the resulting smoothness is a disappointment so 
far as scenic beauty is concerned. The limestone slopes at the mouth 
of the canyon and about the Natural Bridge show the result of the 
glacial erosion of sedimentary rocks. From here northward the ice 
lias filled the valley trough and overflowed the walls covering the 
adjacent slopes. Its margin is easily defined by the rather heavy 
deposits of drift and debris, but it is evident that there was little, if 
any, erosion of these surfiices, for the ledges of limestone show no 
abraded surfaces, nor does the drift farther north contain fragments of 
these rocks. This failure to erode the sedimentary rocks is the more 



38 GLACIATION OF THE YELLOWSTONfJ VAELEY. [bull.1W. 

remarkable since the ledges dip at an angle of some 30^ in the direc- 
tion of tlie movement and the alterations of shale and sandstones have 
brought the ledges of harder rock into bold relief as hogback ridges. 

Moraines. — In this lower part of its course the river has removed 
most of the morainal debris from the valley bottom, and it is only upon 
the surfaces above the valley wall that the glacial debris forms notice- 
able morainal heapiiigs. These extend northward to the mouth of the 
west fork of the river. 

Notable morainal heapinga occur on tlie East Boulder in its upper 
mountain valley, but present no claims to novelty. A high monocllnal 
wall prevented their extension northward into a basin filled by glacial 
gravel sands, an attractive area, upon which the white settlers look 
covetously. It is a broad, open basin, the center being a nearly level 
gravel terrace through which the streams heading in the mountains to 
the east have cut down some 100 feet without reaching bed rocfc To 
the south the sloiies are not glacial, the limit of the drift being about the 
edge of this alluvial basin. From here to the mouth of the east fork the 
drift covers the lower sloi>es ejjst of the stream, but does not surmount 
to rocky ledges of Cretaceous sandstone outcropping above. The area 
between the East fork and the Btmlder is a low triangular doab heavily 
covered by drift. A scar made by the river shows in one place a thick- 
ness of 50 feet of stratified sand and gravel, overlaid by drift, but 
erratics are rare. 

The glacier that occupied the valley of the West Boulder did not ex- 
tend as far northward as that of the main stream, and ends just north 
of the point where the McLeod wagon road crosses the stream. 

The ice stream which lillcd the valley of the West Boulder over- 
flowed the walls of this valley, and left its morainal debris to mark its 
limits on the adjjicent slopes. This drift forms a narrow belt, in gen- 
eral parallel to the stream, resting upon the eroded surfaces of the up- 
turned and flexed beds of the upper Cretaceous. Where it is crossed 
by the McLeod road near its northern termination, it shows the usual 
knob and sink topograi)hy of thesc^- moraines, the hillocks of the large 
drift, the sinks, often the beds of dried ponds. The bowlders average 
3 to 5 feet in diameter. This part of the moraine shows water channels, 
a feature that is absent from the moraine on top of the bluffs upstream. 
On the east side of the river the moraine terminates in a considerable 
accumulation <tf debris forming a tumultuous assemblage of hummocky 
knobs and sinks, the material being quite coarse and but little rounded, 
and manifestly largely from the surface of the ice. The summit of this 
moraine is formed of some ten parallel bowlder ridges, with grassy, 
bowlderless troughs between, some 25 to 30 feet wide. 

The moraine upon the west side of tlie river presents few i)oints of 
interest. Back of the " Blue Rim " clifls it forms a considerable lake- 
let by damming the natural slopes, and its maigin is very sharply de- 
fined upon the Laramie sandstones. As a rule the surface of this 
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moraine is very rough, tLe drift varying' ^^reatly in size, and including 
many large blocks principally of granite, gn^ds^j^and schist. Wear the 
mouth of Davis creek the drift contains abundant bowlders of lime- 
stone and of conglomerate, but these rocks do not oV^eHji more than a 
mile north of their outcrops. Immediately back of 4ihe "^^^e Rim" 
cliffs there is a moraine flat 200 yards wide at the top of the bluff, and 
back of this the usual hummocks prevail. '" /X.V .^ 

The country east of the river is very generally heavily marifled'^by 
morainal debris for some distance back fi;om the edge of the blutfar' j 
The table-land south of the McLeod road shows a fine alluvial area 
that is very fertile, owing to the damming back of the drainage by the 
moraine. The moraine itself is here very rough, and dotted with 
eight lakelets. Further south this character is preserved to the mouth 
of the mountain canyon, corresponding to the outcrops of the Car- 
bopiforons rocks. At the mouth of this grandly picturesque mountain 
gorge the canyon bottom is choked with drift and the stream is yet 
cutting down through the drift, and has at some late date formed a lake 
immediately above the mouth of Davis creek, whose grassy flats form 
a fine hay ranch. 

Terraces, — Altljough it will be seen from this account of the morainal 
accumulations of the Boulder, and its branches that the amount of 
debris is considerable, yet it is small compared with the erosion which 
the ice has accomi)lished. In fact, the accumulations of the West 
Boulder, though not extending so far northward, are greater than 
those of the main stream. The question at once arises what has 
become of the eroded material? 

Although these glaciers had a length of 10 to 20 miles, there are no 
great morainal embankments to show their former magnitude, such as 
abound in the Wind Eiver mountains and the Hoback ranges south 
of the park. The reason is perhaps to be found in the great terraces 
of gravel that border the Yellowstone. The lower course of the 
Boulder river is marked by terraces of assorted drift, but the narrovr- 
ness of the valley has not fav<»red the preservation of the great trains 
of debris which undoubtedly were carried down the valley from the 
termination of the glacier. The larger part of this mat^^.rial was 
probably swept northward by tlie flooded stream, and helped to build 
the broad and extensive terraces of the Yellowstone. It should be 
noted, however, that there is a considerable terrace oh the east side 
of the Boulder, corresponding in level to the great upper terrace of 
the Yellowstone, south of Big Timber. It is a very level area about 
a mile across, in greatest extent, sloping to the north downstream, 
covered by well rounded cobbles and gravel of gneiss, limestone, shale, 
conglomerate, and other rocks found to the south. This terrace is, 
however, but part ot the great system that forms so prominent a feature 
of the piedmont country of this region and record an elevation and 
erosion, subsequent to the maximum of glaciation. 
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The Boulder glacier .^\as^. ilie usual type of mountain ice stream, 
common in the Hock^ Mxiaifitain region south of the limit of the great 
Cordillera glacier (l<6scribed by Dawson. It differs but slightly from 
those that str^ainnvfl 'outward from the deep-cut gorges of the Crazy 
mountains, whpfe"the source of supply was small and local. 

Further studies are in progi^ess in other i)}irts of the Cordillera, from 

the C^Aodian line southward, and also of the isolated groups of moun- 

t;ains,'.the Crnzies, Ilighwood, and others that form such striking fea- 

.\ ^dlr^s of the plains country, east of the main ranges. It is believed that 

►/; *^'"the results will contribute nnich of value to the history of the Pleisto- 

'^ cene in this region and throw ligTit upon some of the little uudei'stood 

X)roblems that confront the geologist. 
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LETTER OF TRANSMITTAL. 



Depabt]M[Ent of the Intertob, 

United States GEOLoaicAL Survey, 

Yellowstone ISTattonal Park Dtvtston. 

Washington, D. 0., July 18, 1892. 

Sir : I take pleasure in transmitting, herewith, a paper by Mr, Walter 
H. Weed, entitled "The Laramie and the overlying Livingston Forma- 
tion in Montana,'' with a report upon their Flora, by Mr. Frank H. 
Knowlton. 

In working out the geology of the Cordillera there are no more im- 
portant chapters than those that relate to the physical history of the 
Laramie and the overlying formation. These rocks are well developed 
in the Yellowstone valley, between the Bridger, Snowy, and Crazy 
mountains, and Mr. Weed has devoted much time to their study, em- 
bodying the results of his investigations in the present paper. He 
presents most forcible reasons for dividing the great thickness of beds 
which have heretofore been included in the Laramie into two distinct 
horizons, restricting the use of the term "Laramie" to the sandstones 
conformable to the underlying marine Cretaceous, and designating the 
overlying unconformable beds as "the Livingston formation." The 
physical conditions shown in the Yellowstone valley are strikingly in 
accord with those described by Mr. Cross along the Front range in (Colo- 
rado. It is by such detailed studies that we shall finally arrive at the 
true geological limits of the Laramie formation. 

In the accompanying paper Mr. Knowlton admirably supplements 
the work of Mr. Weed. He discusses the fossil flora from both horizons 
in the Yellowstone valley, reviewing all the material obtained since 
1871. The two papers taken together form an important contribution 
to our knowledge of these beds. 

I take pleasure in recommending its publication as a Bulletin of the 
IT. S. Geological Survey. 

Yours, very respectfully, 

. Arnold Haoue, 
Geologist in Charge. 

Hon. J. W. Powell, 

Director U. 8. Geological Survey. 



OUTLINE OF PAPER. 



Briefly snmmarized, this paper gives an account of a series of beds heretofore em- 
braced within the Laramie, and covering the greater part of the state of Montana 
east of the Rocky mountains. It is shown that the thickness of some 13,000 feet of 
sandstone shales and conglomerates belong to three formations : the Laramie, the 
overlying Livingston, and the higher Fort Union beds. The Laramie is briefly de- 
scribed, and an account given of the overlying series of strata composed of water- 
laid and assorted volcanic material, which are named the Liviugston beds. Obser- 
vations prove that these beds overlie the coal-beariiig true Laramie rocks, and that 
they contain intercalated beds of true volcanic agglomerate. The entire Living- 
ston formation is overlain by a great thickness of beds of fresh-water sandstones, 
of which the Crazy mountains are formed, which are believed to be of Fort Union age. 
Stratigraphical evidence is presented to show that the Livingston beds are of post- 
Laramie age, yet older than and distinct from the Fort Union Eocene. Evidence is 
given showing an uplift with erosion during the accumulation of the Livingston 
beds, and after the formation of the Laramie coal beds, and it is shown from the com- 
position of the conglomerates and their relation to the consolidated ejectamenta of 
explosive volcanic eruptions and from the nature of the overlying beds forming the 
Crazy mountains, that we have undoubted proof of powerful dynamic movements, 
accompanied by an eruptive activity following soon after the epoch of the coal- 
bearing Laramie, and marking the inception of that long period of volcanic action 
which continued with various interruptions into Pleistocene times^ and formed the 
great volcanic area of the Yellowstone National paxk, 
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THE URAMIE AND THE OVERLYING LIYINGSTON 

FORMATION OF MONTANA. 



By Walter Harvey Weed. 



INTRODUCTION. 

The region of the Great Plains which forms the eastern portion of 
Montana and the Cordilleran region of the western part of the state, 
present widely different types of scenery and geological structure. 
The first is but a continuation of the broad trans-Mississippian plains 
stretching northward along the eastern front of the Eocky mountains 
far into Canadian territory. The latter is a complex of mountain ranges, 
where the folding and faulting of the rocks is both intricate and ob- 
scure. It is with a portion of the border line between these two sharply 
contrasted regions that the present paper deals, a region where the 
slightly folded rocks of the i)lains are warped and crumpled upon the 
flanks of the mountains that form the easternmost portion of the Cor- 
dilleran area. 

In the foothill country, lying at the base of the mountains south of the 
Yellowstone river, near Livingston, Montana, a series of water-laid 
strata, composed mainly of volcanic detritus and overlying the coal-bear- 
ing Laramie beds, was observed by the writer in 1890, while studying 
the geology of the region, in continuation of the work of the Yellow- 
stone park survey. Further exploration proved that the series covers 
a large part of this region and is separable lithologically and by evi- 
dences of unconformity into a distinct formation. 

Measured sections of the strata about the Crazy mountains show a 
thickness of 12,000 feet of fresh water sandstones and clavs referred to 
the Laramie. It is now possible to subdivide this great thickness of 
beds into Laramie, a higher horizon herein named the Livingston, and 
the still higher beds of the Crazy mountains, which have not as yet 
been differentiated into horizons, but probably represent the Fort Union 
beds of eastern Montana. 

These beds present proof of a series of events following the epoch of 
the coal-making Laramie similar to those described by Whitman Cross,^ 



^The Denver Tertiary Formation. Amer. Jonrn. Sci.^ vol. xxxvii, April, 1889. 
Post-Laramie Deposits of Colorado. Am. Jour. Sci., xliv, July, 1892. 
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in Colorado, of which the Arapahoe and thie Denver beds are the evi- 
dence. The importance of this post-Laramie elevation and erosion with 
accompanying volcanic activity has been strongly insisted upon by Mr. 
Emmons,^ and is confirmed by rapidly accumulating evidence observed 
in different parts of Colorado.* 

The strata described in the present paper, though differing in many 
points from those of Colorado, attest a somewhat similar period, and 
afford the first recognition of the epoch outside of Colorado. 

In this part of Montana the orographic movements that produced 
the Kocky mountain ranges were accompanied by periods of volcanic 
activity prolonged into late Tertiary time, which resulted in the accu- 
mulation of vast quantities of agglomerates, breccia, and lava flows, 
out of which great mountain ranges have been carved. The^e volcanic 
accumulations have been studied for many years in the region of the 
Yellowstone park and the adjacent country, where they rest upon 
Archean gneisses, eroded Paleozoic limestones, and Cretaceous sand- 
stone alike, but no definite age could be assigned to the beginning of 
this long period of disturbance and volcanic activity. 

Examinations of the Laramie and post-Laramie strata east of Liv- 
ingston showed that these beds were several thousand feet thick, and 
included an intercalation of volcanic agglomerate that represents, in 
part, the source of the sands and pebbles of the stratified rocks. As 
the water laid beds of the series contain determinable plant remains 
and a scanty fresh-water fauna, they possess decided interest in the 
light they throw upon the age at which the remarkable series of volcanic 
eruptions of this region began. 

GEOGRAPHY OF THE REGION. 

The region in which these formations have thus far been mapped 
and studied embraces a part of the Eocky mountains and the country 
eastward. Geographically the region is an interesting one, embracing 
the headwaters of the Missouri river, and its great tributary, the Yel- 
lowstone. The country north of the Yellowstone National park, with 
that about the headwaters of the Missouri, is a mountainous tract, 
through which the Yellowstone and the three rivers that uniting form 
the Missouri, have cut valleys that divide this elevated area into north 
and south ranges, known as the Snowy mountains and the Gallatin, 
Madison, and Jefferson ranges. These mountains end abruptly north- 
ward in the Yellowstone and in the Three Forks valleys, but the front 
range of the Eocky mountains is continued north of the Gallatin range 
by the lesser uplift of the Bridger, which with the lower elevations of 
Sixteen-mile creek connect the southerly ranges with the Big Belt and 
Little Belt mountains. The Snowy mountains, which inclose the park 

'BnlJ. Geol. Soc. Amer., vol. i, 1^90, p^. ^45-^^, 
«B. C. Hills, Proc. Col. Sci. Boc.,U^. 
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upon the north, are encircled by the Yellowstone river, whose broad 
valley about Livingston is typical of its further course. 

North of the Yellowstone river are the Crazy mountains, a strik- 
ingly picturesque and rugged group of peaks. They form an isolated 
mountain mass standing out prominently by themselves, and separated 
by wide valleys from the front raDges of the Eockies that encircle them 
on three sides. In the Crazy mountains and the valleys between them 
and flanks of the adjacent ranges the formations herein described attain 
their most interesting development. The southernmost part of this 
region has been called the Bozeman coal field, as it is an area distin- 
guished by the occurrence of the productive Coal-measures of the Lar- 
amie lying east of the city of Bozeman. The "field" is adjacent to 
the Northern Pacific railroad and is situated 60 miles north of the 
Montana boundary line, embracing the entire foothill country between 
the Yellowstone river and the mountains to the south, from Big Tim- 
ber to Livingston, as well as the rugged country westward, forming 
the Missouri- Yellowstone divide and the foot slopes of the Bridger 
range. The mountains bounding the field upon the south are steep 
and rugged peaks belonging to the Snowy range, through which the 
larger streams have cut deep canyons on their way to the lower coun- 
try of the plains. The largest of these streams is the Yellowstone 
river, which, aftet leaving the Yellowstone park, fiows through a couple 
of picturesque mountain valleys and intervening canyons and emerges 
from the mountain region at Livingston. West of this point the rail- 
road follows up a small stream to the Muir tunnel, which gives access 
to the Missouri drainage, the coal-bearing strata forming a belt south 
of the railroad as far as Eocky canyon, where they turn northward and 
are continued along the base of the Bridger mountains and the low 
uplifts that connect this range with the Little Belt mountains. 

GENERAL GEOLOGY. 

The structural features of the region present several peculiarities of 
interest. The mountains lying between the National Park and the Yel- 
lowstone river, known as the Snowy range, consist in the main of 
Archean rocks and volcanic accumulations. The northern peaks of 
the range show Paleozoic rocks dipping steeply to the northward 
away from the Archean plateaus. The canyons cut by the streams that 
issue from the mountains show an S-shaped fold parallel to the mountain 
front, and modified by a teodency to en Echelon folding. Faulting of 
this fold has brought up Archean rocks, which form high and sharp 
I)eaks entirely surrounded by Paleozoic rocks. West of Livingston 
the warping takes the form of a succession of short anticlinal folds ar- 
ranged en 6chelon, with a northeast trend, tbeir axes dipping more or 
less steeply in the same direction. These folds end in the overturn 
forming Mount Ellis and the south end of t\ieTit\4.g^t twcv^"^. ^<5^\vKt<6 
is the relation between geologic structure and. \jC>\iO^Y^^\i\'^xOi^^i'S5LW^ 
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clearly shown, and the cutting across of the anticlinal folds by the 
mountain streams clearly reveals the details of their structure. 

The Bridger range is a fold involving the Livingston and all earlier 
rocks, of which the eastern side alone now remains. The low moun- 
tains northward show parallel anticlinal folds, running north and 
south, broken through in the Elk mountains by an extensive intrusion 
of quartz porphyrite. In the extensive synclinal basin thus inclosed 
upon three sides by the uplifts of these front ranges of the Rocky moun- 
tains, the Crazy mountains, form a magnificent monument of erosion. 
The main mass of these mountains is formed by a synclinal of post- 
Laramie strata, in which the sedimentary rocks have been baked and 
metamorphosed about a great core of igneous rock, from which dikes 
radiate t)n every side.^ 

The geology of the Gallatin, Madison and Jefferson ranges, defined 
by the three forks of the Missouri, is discussed by Dr. A. 0. Peale in 
the text of the Three Forks Atlas sheet of the U. S. Geological Survey. 

A number of carefully measured sections were made at diff'erent local- 
ities, from a study of which and the review of the fossil remains thus 
far collected, the different terranes have been discriminated. The fol- 
lowing section represents the entire stratigraphic series from Cambrian 
to post-Laramie as developed in the region under discussion. 

* Geology of the Crazy mountains^ Montana, J. E. Wolff, Bull. Geol. Soc. Amer., vol. 
3; pp. 445-452. 
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SECTION NEAR LIVINGSTON, MONTANA. 



A5 



Geological series exposed near TAvingston, Montana, 



7,000 




Livingston beds— sandstones, sliales, and conglomerates. 


4,700 


1,000 


Laramie coal-bearing sandstones and shales; leaf remains, and in- 
vertebrates. 

Montanar— sandy shales and argillaceous shales. 

Colorado — argillaceous limestones, with bituminous shales at base. 
Dakota— sandstones and conglomerates. 


1,5C0 


1,000 


coo 


460 




ura * 


r Sandstones. 
Limestones and shales. 


1,900 


400 
1,500 


Carboniferous > 


Quartzitcs, sandstones, and interbedded limestones. 
^ Limestones, massive, fossiliferous. 


450 


250 
200 


C Limestones and shales. 
Devonian < ^ 
( Limestones — very massive. 


835 


iXO 
425 


Cambrian • 


Limestones, generally massive, with limestone conglom- 
erate, alternating with shales. 

Soft shales, with interbedded impure limestones and basal 
quartzite. 




Algonkian schists. 



The section is well exposed iii the canyon of the Yellowstone, 4 miles 
^outh of liivingston. 

THB MESOZOIC SEOTION. 



A detailed section of the strata overlying the Jurassic limestones has 
already been published by the writer, but is republished herewith in 
greater detail; in order that the nature of tti^ li^x^TKvfc ^\A\\i^^<^^v^^^ 
to the vnderlying Mesozoic and overly mg M\^^\ou ^x^^Xi'^^^ \ssa?5\^^ 
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fully understood. It repreaents tbe series as exposed near the town of 
Cokedale, some 10 miles west of Livingston. 

This section was measured on the slopes west of the south fork of 
Gokedale creek, and begins at the point where this stream cuts across 
the anticline of Canyon mountain and exposes the Jurassic shales and 
limestones.' A section of the strata in this vicinity wivs made for the 
Northern Transcontinental Survey, a graphic representation of whieU 
is published in the very interesting account of the Bozeman coal field 
written by Mr. G. H. Eldridge.' 

Section at Cokedah, Montana. 
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Saudatona ImlgBi gray, very flsBilo; masrivo crop, and not EPnernlly a Isdge. 

RbnlM. 

Sbales. 

Qnartclte! auppoacd to be summit of Dakota. 

SuidBtenflK; Rxsile and slabLy. 

Kod or TuUuif llmestoue ur aandstone, vlt]i pflliblOK. 

CUwi limeeloae, magnsBlan, b<iDomln)[ pebblynt baie; passing above into radolays. 

Dakota uonjjloiiieralei forming liDgbark, 

ShalM! dark Rray; crumbly and iiarMiv. 

Sandatonca; indurated, Blabby,cnisji-badded; nblte quactigralne, and rusty ocmeilt. 

No enpoaure. 

Saiideloiie^ liBstle and tromlily. 

lied Bbale, 



■k-gray a I 



uidatooa gril 



Et, butb carrying bi 



The base of this section is the belt of impure limestone and shale that 
overhes the heavy bed of quartzite capping the Carboniferous. These 
Jurassic hmestones and shales contain an abundance of fossds, among 

iBuU. Gool.8oe. Amer,, vol. ii, pp. 349-364. 

'SepoTta, Teuth Census U. S., vol. XV, Mining Industry, p. 739. 
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which Gryphea and Myacites are the most plentifiil. The rocks are 
soft shales or impare limestoues, readily weathering down so that the 
beds most frequently form a gulch parallel to the strike, where mono- 
clinal folding prevails. Overlying these beds the strata are sandy, and 
^ade into a coarse crystalline limestoDC full of fossil fragments and 
changing rapidly into a very remarkable cross-bedded grit, frequently 
conglomeratic. This bed has been recognized over large areas of central 
Montana and is generally a conspicuous ledge outcropping on the slope 
beneath the Dakota " hogback." The fossils found in it are largely 
firagmentary, but show Oryphea, Ostrea stringulata, Gamptonectea per- 
tenuistriatus, and Rhynconella myrani in abundance. Between this bed 
and the Dakota conglomerate there is a series of shaly beds in which 
no fossils have been found, alternating with sandy strata possessing no 
marked characteristics. Both sandstones and shales are seldom ex- 
posed, but form the slopes between Jura and Dakota ledges. These 
beds have in the section been assigned to the Jurassic. They corre- 
spond in stratigraphic position and lithological character to the fresh- 
water Jura of Colorado, are variegated in color, but in the absence of 
fossils can not be positively assigned to the Jura. 

CRETACEOUS. 

The Dakota. — ^The Dakota forms the most persistent and readily 
recognizable horizon of the Eocky mountain Mesozoic. In this region 
it is generally a sandstone usually with a characteristic conglomerate 
at the base, which, with the associated sandstones, resists weathering 
and in the' upturned strata of the foothills stands out very prominently. 
This conglomerate is overlain by variegated magnesian limestone, carry- 
ing pebbles at the base, and of a prevailing lilac or red tint. These 
beds grade into soft sandstones succeeded by sandy shales, and these 
by a thin bed of fine-grained dark-gray limestone, full of gasteropod 
shells. An examination of these fossils by Dr. C. A. White, together 
with the stratigraphical position of this limestone, shows it to be equiva- 
lent to the fossiliferous Dakota beds of Bear river, recently described 
by Mr. T. W. Stanton. This is overlain by sandy shales with some 
carbonaceous markings (but no recognizable plant remains), capped by 
the dense pink and white finely granular sandstone or qnartzite that 
is assumed to be the top of the Dakota. It is a very hard rock, resists 
erosion well, but breaks into great cubical blocks, whose debris is 
abandant on the slopes and in the valley drift. 

Colorado ^rowp.— Overlying the beds referred to the Dakota there 
is a great thickness of shales, with interbedded sandstones. The lower 
jMurt of this series consists of rather dark carbonaceous shales, with 
lighter arenaceous beds and occasionally sandstones. In their sandy 
nature and the presence of beds of sandstone, the beds show evidence 
of the proximity of a shore hue. Fossils obtained from these beds by 
BuIL 105 2 
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W. M. Davis prove the Colorado age of the strata. The following 
species were identified by E. P. Whitfield: 

Inoceramus umhonatus M. 

problematicus M. 

9pt 

undabundris M. 
Ostrea oongesta. 
Gryphea vesicularia, 
Exogyra, 

Gyrodes depresaa M. 

Fholadomya Bei'thoudi (prol)ably P. papyracew). 

Several other species that appear to have no taxonomic value were also 
found. 

Montana group. — ^A satisfactory discrimination between the beds of 
the Colorado and those forming this group can not be made on paleon- 
tological grounds, as few fossils have been collected in the beds assigned 
to the Montana. The lower thousand feet consists of sandy shales, 
impure limestones, and occasional thin sandstones, the whole becom- 
ing more arenaceous towards the top and grading into thinly bedded 
sandstones. These latter beds sometimes form bluff exposures, but 
more often weather out in " tombstone ledges.'^ In the eastern part 
of the field the dark gray sandy shales are directly overlain by a heavy 
ledge, of yellow, rather dark, and very massive sandstone, which is 
thought to be the equivalent of the Fox hills. It is immediately over- 
lain by the whiter, cross-bedded, and somewhat softer massive beds of 
the Laramie Coal-measures. No fossils have been obtained from this 
supposed Fox hill sandstone, which may prove to belong to the 
Laramie. 

Those irregular and local elevations of the Cretaceous sea bed that 
occurred in the region east of the mountains in Canada and northern 
Montana, and resulted in the accumulation of estuarine and lacustrine 
deposits, known as the Belly river beds, are not indicated in the rocks 
of this vicinity. The Montana beds indicate a varying subsidence and 
the proximity of a low land mass with a gradual shallowing of the 
waters that resulted in the accumulation of the sandstones and coal 
seams of the Laramie. 

THE LARAMIE FORMATION. 

The Laramie, the chief coal-bearing formation of the Eocky moun- 
tain region, is well developed in Montana. In the particular area 
under discussion the strata form a continuous belt stretching westward 
along the flanks of the Snowy mountains, and northward upon the 
slopes of the Bridger and Little Belt ranges. Isolated exposures also 
occur in the mountainous region to the west, which though of small geo- 
graphical extent, present structural features of much interest. 
Tbe area in which the Laramie strata ate exposed is the region 
B^'acent to Livingston is shown upon the g^oVos\c^\m«^^'5\3tV^\* 
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The rocks of this formation form a group which is sharply defiued 
both by fossils and physical characters. The beds consist of massive 
light-colored sandstones, with intercalated shale beds and coal seams 
near the base, becoming less frequent teward the top. The lower 
delimitation of the Laramie is assumed to ))e the dark and heavy bed 
of massive sandstone, assigned te the Fox hills, found below the lowest 
workable coal seam and resting directly upon the readily distinguish- 
able and lithologically distinct gray shales and fissile argillaceous sand- 
stones of the Montana group. The upper limit of the Laramie in the 
region studied is marked by an abrupt change in the composition of 
the beds and closely resembles in general characteristics that change 
which has been found so prominently developed in Colorado. 

This definition of the Laramie is in accord with the original defini- 
tion of King, and conforms to the usage of Newberry, Emmons, and 
Cross, though differing from the limits assigned on theoretical grounds 
by Prof. White, which are based upon faunal characteristics. The 
occurrence of marine Cretaceous fossils in the Laramie, showing tem- 
porary recurrence of salt-water conditions following a considerable 
period of coal making depositions is now a well-established fact. 

As exposed at various localities throughout this region the average 
thickness is 1,000 feet. This is exceeded in the hills north of the Bridger 
mountains, but is about the thickness throughout the Bozeniiin coal 
field. The exposures can not be directly compared, however, since there 
is proof of a considerable period of erosion following the deposition of 
the beds of the Laramie group, during which the upper portion of the 
series may have been in part removed, before tlie deposition of the 
Livingston. The sandstones which form the characteristic feature of 
the group and distinguish it from the underlying formations occur in 
beds of varying thickness, alternating with gray shales carrying plant 
remains, and seams of coal. The thicker beds of sandstone are gener- 
ally massive, but the rocks have a laminated structure, following the 
eross bedding, and erode into picturesque bluff faces. The shales and 
coal seams, abundant near the base, become less frequent higher in 
the series, though a w^orkable coal seam is generally found near the 
top of the series as exposed throughout the Bozeman field. These coal 
seams form a prominent feature of the series, and though but three or 
four of the many seams are of workable thickness and purity, have 
given an economic importance te the formation that has stimulated 
exploration and added much to our knowledge of the areas covered by 
this formation. 

La general these coals are valuable fuels, differing materially from the 
lignites of the plains to the east, and are in ready demand throughout 
the state.' They are mined at a number of localities throughout the 
Bozeman coal field, but elsewhere in this part of the state have not been 
commercially developed* 
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The following section is typical of the lower part of the Jjaramie 
throughout this region : 

Section of Laramie Coal-measures at the Bowers mine. 



Number 


Thickness 


of bed. 


iu feet. 




28 


30 


Massive sandrock, firm; light gray. 


27 


i 


Coal seam. 


26 


10 


SanrlHtoue, breaking into small angular fragments. 


25 


1 


Shale^ dark gray. 


24 


6 


Coal seam. 


23 


12 


Shale, hard and slaty. 


22 


10 


Sandstone, with shelly structnro. 


21 


3 


Coal; middle seam. 


20 


6 


Red limestono; very maguesian. 


19 


3 


Sandstone. 


18 


f 


Coal; called by the miners " upper bastard vein." 


17 


30 


Sandstone^ thinly fissile, brown. 


16 


f 


Coal. 


15 


10 


Sandstone, shaly at top. 


14 


4 


Coal. 


13 


20 


Fissile and leafy sandstone. 


12 


30 


Sandstone, massive, with jointed surfaces rounded. 


11 


6 


Coal; poorly defined; vein 2 or 3 feet ; the rest shale. 


10 


15 


Sandstone, massive, brown, much pitted by weathering, 


9 


2 


Coal. 


8 


3 


Sandstone. 


7 


8 


Coal and slate. 


6 


3 


Sandstone, very fissile anl soft. 


5 


10 


Sandstone, hard and firm. 


4 


U 


Coal. 


3 


3 


Shale. 


2 


18 


Sandrock, 


1 


2 


Coal. 



The general characters of the formation are very constant in this 
particular region — though there is a decreasing amount of coal as the 
strata are followed northward to the Musselshell river, or into the 
plains region east of the Crazy mountains. 

The lithological characters of these Laramie*sandstones present few 
points of especial interest by themselves, but are of importance when 
compared with those of the overlying formations. The rocks are rarely 
compacted, or so firmly cemented as to form quartzitesj in thin sec- 
tions they are seen to be typical sandstones, formed mainly of well- 
rounded grains of quartz, with mica and accessory minerals, all indi- 
cating the erosion of Archean rocks. No fragments or minerals of aa 
eruptive nature are found in any of the sections so far examined. No 
vertebrate remains have been discovered in the Laramie strata of this 
particular part of Montana. Leaf remains occur abundantly in the 
shales overlying many of the coal seams, but the rocks are so crumbly 
and the specimens so difficult of preservation, that few have been 
brought in. Leaf remains rarely occur in the sandstones. 
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The perfect stratigraphic continuity of the marine Cretaceous with 
the Laramie is apparent everywhere. No break occurs and no evi- 
dences of unconformity have been observed, up to the top of the for- 
mation. The evidences of such a break and unconformity between 
this and the overlying Livingston formation are given in the descrip- 
tion of those beds. 

Li the clay shales associated with the productive coal seams, Unio 
remains have been found, the specimens being too jworly preserved for 
specific determination, and Gorhula suhtrigonalis M. aijd H. has bei^n 
identified for me by Dr. White. Fossil plant remains are not uncommon 
in these shale beds, but the material is too soft to bear transportation, 
and only a few forms have been brought in. They are discussed at 
length in Prof. Knowlton's report. 

THE LIVINGSTON FORMATION. 

Overlying the coal-bearing Laramie strata, there is a series of beds 
constituting a newly recognized formation, for which the name Living- 
ston is proposed, as it is typically developed in the vicinity of Living- 
ston, Montana. The formation consists of a series of beds, in places 
aggregating 7,000 feet in thickness, composed of sandstones, grits, 
conglomerates, and clays, made up very largely of the debris of an- 
desitic lavas, and other volcanic rocks, and including local intercala- 
tions of volcanic agglomerates. 

DISTRIBUTION. 

The accompanying map, Plate i, shows the surface distribution of the 
Livingston beds in the country about Livingston, the map representing 
part of the geological atlas sheet bearing that name. The formation 
attains its greatest development in this region, and in the country 
immediately north of the area shown by the map — that is, in the region 
east of the Rocky mountains. But exposures also occur within the 
mountain region, in the Madison and Jefferson ranges, where they have 
been mapped and described by Dr. A. C. Peale and indicated upon the 
Three Forks atlas sheet, and the region drained by Sixteen mile creek, 
north of the Bridger range, contains a considerable area of these beds. 
In the Crazy mountains the Livingston is covered by the Fort Union 
strata, which in this part of the field everywhere overlie and conceal 
the earlier deposits. 

Although the origin of the formation is such that it varies greatly at 
different localities so that horizons can not be closely defined, there are 
three general divisions into which the formation may be separated, 
viz: The leaf beds, the conglomerates, and the volcanic agglomerates. 
The first two comprise the lower and upper parts of the formation. 
The third is an intercalation of volcanic ejectamenta that only occurs 
locally^ though attaining a thickness of 2,000 feet in the southeastern 
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part of the region covered by the Livingston beds. The total thickness 
of the formation approximates 7,000 feet in the region east of the moun- 
tains, where the agglomerates are absent. Of this total thickness from 
600 to 2,000 feet may be assigned, to the lower division. 

THE LEAF BEDS. 

The strata grouped together under this name embrace the basal por- 
tion of the formation up to a point where a decided change in color, 
mechanical constitution, and general nature appears, and includes the 
various horizons in which plant remains have thus far been fouud. A 
definite upper limitation is not always possible. On the flanks of the 
Snowy range the intercalated agglomerates form a convenient point at 
which to draw the line. Elsewhere it is marked by light colored, thinly 
bedded sandstones, with green or purple shales, which are readily dis- 
tinguishable in the field, and are arbitrarily assumed to be the base 
of the conglomerate series. 

This lower division of the Livingston deserves a somewhat detailed 
description, because it is the only portion yielding palcontological 
remains, and presents, moreover, features of lithological character 
and mechanical constitution separating it from the Laramie strata 
that so generally underlie it. The character of these lower beds, as 
exposed throughout this region is, therefore, quite fully described. In 
general it consists of a series of sandstones, conglomerates, and shales 
composed largely of angular or but slightly water- worn debris of vol- 
canic eruptions and ash showers, that rest directly upon the produc- 
tive Coal-measures. Usually the beds are dark colored and weather 
into ledges whose appearance suggests a volcanic rock, often breaking 
down into fine angular debris, forming slopes that support a scanty 
vegetation. Consisting mainly of sandstone, grits, and conglomerates, 
the beds vary in coarseness at different localities. Contrasted with the 
Coal-measure sandstones beneath, the rocks are darker, much harder, 
well indurated, brittle, and break into fine angular bits, while the Coal- 
measure sandstones are fissile, light colored, and often crumble into 
sand on weathering. Their intimate composition presents a striking 
difference in the nature of the two formations, the Laramie sands being 
well rounded quartz grains derived from Archean land areas, the ma- 
terials being well assorted and stratified; the Livingston rocks, on the 
contrary, being composed of angular or slightly water- worn grains, show- 
ing no assorting of the material and consisting mainly of andesitic frag- 
ments cemented by fine volcanic ash. Plant remains are abundant at 
various horizons. The thickness of the leaf beds varies greatly at differ- 
ent localities ; it is least in the eastern part of the field and increases west- 
ward, reaching a thickness of over 2,000 feet in the vicinity of the Muir 
tunnel and in the range of hills east of the Bridger mountains. 

In the foot slopes of the Snowy range these leaf beds are generally 
green in color and differ somewhat in character from the beds belong- 
jng- to this horizon in other localities. 
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THE BLUE BIM SECTIOX. 

A fine exposure of tlie lower liorizon is seen in the canyon walls 
of tlie west Boulder river in the extreme eastern part of the region 
Shown in the map (PI. i). The rocks occupy a shallow synclinal 
trough capping gray Cretaceous sandstones, and form picturesque cliffs 
locally known as the Blue rim. A few miles above these cliffs the 
river emerges from a canyon with walls of gneiss 2.000 feet high, at the 
northern end of which the section of upturned Paleozoic roc^s is well 
exposed, and the succession of beds from the base of the Cambrian to 
the rocks of the Blue rim is clearly revealed. 

The following detailed section of the beds is introduced to show the 
variations of the strata: 

Blue rim section, 

29. Sandstones of varying nature, color, weathering, and fracture, but of substan- 
tiaUy'the same rock. Occasional pebbles, but not assorted nor arranged. 
Cross bedding rare. Lense bedding occasional. In general, the arrangement 
and appearance of the strata is similar to that of the YeUowstone tuff beds of 
the Fossil Forest. .Jasperized wood occurs, but the trees are prostrate. 
28. Sandstone, fine grained, and breaking into slabs. 

27. 6'. Shale f a dark brown ferruginous belt, that is unusually persistent. 
26. 2'. Shaly rock, crumbly, earthy brown, not unlike ordinary Cretaceous shales. 
25. 8'. Tuff-sandstone, very fine grained and green colored. 
24. 6'. Sandstone or ash bed; forms lowest ledge of clift*. 
23. 20^ Sandstone, gray and breaking into small fragments. 
22. 3'. Sandstone, massive, weathering like a Laramie ledge. 
21. SC. Shaly bed, fissile and shaly, dark ferruginous, with carbonaceous material 

staining surfaces, 
20. 1'. Sandstone, rather gray and micaceous. 
19. H', Shaly sandstone. 

18. 3'. Sandstone jointed, gray, hard, and indurated. 
17. 25'. Shaly beds, crumbly brown bed, covered bj^ slide of ledge above. 
16. 12'. Sandstone, forming persistent ledge, well jointed, very hard, and holding 

lenses of brown cemented rock in lower part. 
15. 1'. Green ledge of crumbly rock. 
U. 9'. Shaly rock. 
13. 6'. Sandstone, massive. 
12. 5'. Shaly brown beds. 
11. 3'. Sandstone, massive gray, cross bedded, thickens to north and thins out to 

south. 
10. 12'. Splintery shale, greenish brown. 

9. 3'. Sandstone, massive. 

8. 8'. Shale, splintery, crumbly, green micaceous. 

7. 2'. Limestone, dark blue. 

6. 5'. Crumbly brown shale. 

5. 3'. Qray sandstone. 

4. 5'. Sandstone, green earthy, fracturing. 

3. d(y. Massive sandstone, probably Laramie. 

2. 20'. Shale, dark gray, carbonaceous, with thin layers of sandstone. 

1. SO'* Massive sandstone. 
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The Blue rim section shows beds of water-laid sandstones and 
shales at the base, while the sandstone forming the blue cliflFs are 
made of volcanic detritus, the finer-grained rock and the shaly beds 
being of volcanic ash and showing but little assorting. Plant impres- 
sions occur near the top of the section and prostrate tree trunks of 
silicified wood are seen. The shale belts are peculiarly inconstant, 
and the brown color is the result of the oxidation of the fine-grained 
green rocks. 

An examination of thin sections of the rocks of the Blue rim section 
under the microscope, made by Mr. i P. Iddings, show that the sand- 
stones at the base consist of well-rounded grains of Archean material, 
mainly quartz, well assorted and quite like the sandstones of the Lara- 
mie Coal-measures of other places. Fifty feet above the basal sand- 
stones the rock shows, in thin section, decidedly angular grains of pla- 
gioclase, quartz and a little mica, and though but one fragment of ande- 
site is seen in the slide the rock has more the appearance of a volcanic 
ash than a true sandstone. Still higher in the section the sandstone 
(No. 16) is formed of rounded grains of Archean material, but above this 
the rocks show in thin sections a decidedly volcanic nature, consisting 
of fine fragments of pyroxene andesite and andesitic breccia. The shaly 
strata are formed of so fine an ash that but little can be distinguished in 
thin section, but they grade into the coarser beds whose comi>osition is 
clearly volcanic. 

DISTRIBUTION AND CHARACTER. 

• 

Followed westward the beds of the Blue rim increase in thickness 
and include more water-worn material, the tuff beds becoming less 
prominent. The rocks form picturesque combs along the valley of 
Little Mission creek and are well exposed where the BlueEim syncline 
is cut across by Mission creek above the forks. At this place the rocks 
consist of brownish ash beds overlain by green fissile sandstones and 
conglomerates. In the walls of McAdow canyon of the Yellowstone 
the beds are well exposed and their relation to the coal rocks clearly 
seen. At this locality the shaly beds are often quite carbonaceous and 
contain an abundance of plant remains and a few fresh-water shells. 

At Livingston fine exposures of the formation occur in the hills north 
of the town, where the beds dip at 10^ northward. The rocks are 
dark chocolate colored or green sandstones, carrying lenses of fine 
grained tuft-like rocks, that contain plant remains. Local beds of vol- 
canic debris, showing little if any water-assorting, also occur. In the 
sag between the two hill tops, an opening has been made on a two-foot 
seam of impure lignite, overlaid by a thickness of several hundred feet 
of sandstones that are locally conglomeratic. 

A detailed section of the beds of the Livingston formation at Cokedale 
would be of little value, as the beds vary rapidly from quite fine- 
grained sandstones to coarse grit, with thin intercalations of conglom- 
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erate. Thin sections of the rocks, when seen under the microscope, show 
a variation in the amount of Archean material present. The rocks im- 
mediately overlying the coal are good sandstones, harder than those 
associated with the coal, but water-laid and formed of assorted water- 
worn grains. The rocks above change rapidly, however, to coarse- 
grained sandstones of angular fragments, showing but little assortment. 
Many of the rocks resemble a fine-grained volcanic agglomerate in the 
hand specimen, while the finer layers that crumble into small angular 
bits are volcanic ash beds. There is a noticeable admixture of Archean 
detritus with the volcanic grains of some of the ledges, but the latter 
largely predominate and frequently form the entire rock. At some 
2,300 feet above the coal the Archean material is very abundant, show- 
ing a cessation of the ash showers, but the grits above and those asso- 
ciated with the shales of the Billman creek valley are wholly of volcanic 
material. 

In the exposures of Rocky canyon and vicinity, from which the larger 
part of the plant remains obtained from the Livingston beds have been 
taken, the rocks immediately overlying tlie workable coal seam at the 
top of the Laramie are dark green or brown and resemble fine volcanic 
tuffs made up of andesitic debris, overlaid by grits and sandstones, with 
conglomerate intercalations, at 400 feet above the coal. Leaf remains 
occur at various horizons, but the collections all come from the lower 
500 feet of the formation. 

Upon the eastern flanks of the Bridger range, and northward to the 
Castle mountains, the leaf beds possess the same general characters. 
Hard sandstones of varying texture and grain, generally dark colored, 
and rarely conglomeratic, alternate with dark olive brown shales, 
that are hard and indurated, but crumble into fine angular bits. The 
conglomerates are composed almost wholly of pebbles of andesitic ma- 
terials, but pebbles of white, brown, and blue quartzite occur sparingly, 
together with rounded fragments of coal and normal sandstones. Inter- 
calations of volcanic agglomerate occur on the slopes of the Bridger 
range at Flathead pass, and farther north, about the headwaters of the 
Musselshell. 

Fine exposures of this lower division of the Livingston occur in 
the hills drained by Cottonwood creek, where they rest upon the 
Laramie. The lowest beds are seal brown, very fine-grained sand- 
stones, containing fossil plant remains in abundance, overlaid by 
coarser, lighter-colored sandst^ones and grits, which at higher horizons 
are interbedded with soft shales. In the exposures at the head ot 
Smith river, near Castle, a few gasteropod shells and XJnio remains 
were found in the finer-grained beds. In this vicinity the first marked 
change is observed in the beds. Throughout the region north of the 
Crazy mountains a prominent bed of white calcareous sandstone occurs, 
interbedded with the dark colored sandstones, grits, and shale beds of the 
Livingston, about 600 feet above the base. No fossils were observed 
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in this rock in the vicinity of Castle, but near the forks of the Mussel- 
shell river this bed is composed of brackish-water shells of Laramie 
types. The northern portion of the Crazy mountains is composed very 
largely of Livingston rocks. A section made along Lebo creek east of 
the mountains showed a total thickness of 7,100 feet of Livingston sedi- 
ments, in which the lower beds do not form so distinct a division as 
elsewhere in the neighborhood of the Crazy mountains. 

In the mountainous region south of the Gallatin valley the only 
exposure of the Livingston is in the Madison range, where the beds 
cover an area of 15 to 20 square miles in the vicinity of Sphinx mountain. 
They are thus described by Dr. A. 0. Peale: "The strata consist of 
indistinctly bedded volcanic material, mostly andesitic in nature, and 
of a somber hue. At one or two places conglomerates made up of all 
sorts of pebbles are seen near the base.'' The beds rest unconformably 
upon the eroded edges of all the Cretaceous formations, and are uncon- 
formably overlain by the coarse conglomerates assigned to the Eocene. 
On the eastern flanks of the Jefferson range another exposure of the 
Livingston occurs. The beds present a somewhat different aspect from 
those just described, not being so dark in color and showing more dis- 
tinct evidences of bedding and seemingly more nearly conformable to 
the underlying Laramie beds with which they are in contact. In the 
vicinity of the Jefferson canyon they have a dark greenish-gray color, 
and apparently contain Interbedded hornblende andesites, which seeili 
to have been laid down as lava flows. Other beds are conglomerates 
composed of all sorts of volcanic material, andesites, however, as at 
other localities, apparently predominating. The period during which 
they were deposited was undoubtedly one of great volcanic activity. 

The water-laid beds of the basal portion of the formation thus far 
described contain but small and local bodies of conglomerate. In the 
section which has already been given, made in the vicinity of Cokedale, 
these beds have been estimated to be 2,400 feet thick. In the Blue Eim 
section, which does not embrace the entire thickness, there is some 600 
feet, and on the Bowlder river, where they are capped by the volcanic ag- 
glomerate, the total thickness is not thought to exceed some 700 feet. 

THE VOLOANIO AaaLOMEBATES. 

Beds of consolidated volcanic ejectamenta form the mountains of the 

western part of the Crow Indian reservation and terminate the Boze- 

raan coal field at the Boulder river. These agglomerate beds rest 

directly upon the lower beds of the Livingston formation, and thinning 

out westward are overlain by the upper part of the same formation, 

capped in turn by the great tMckness of sandstones and clays forming 

the Crazy mountains. 

Tlie volcsLuic agglomerate attains its maximum development in the 

region drained by the Boulder river. T\i\s &tt^aav\^ ?y. eX^^^t lawmtain 

torrent, heading in the high plateaus audpea'ka tioic\;\io^ ^JafeX^o^ 
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stone park, and emptying into the Yellowstone river at Big Timber. 
In its lower course below the forks the valley is v. at in the volcanic 
^agglomerates, which weather into castellated knobs and mural faces, 
bidding much to the picturesqueness of the scenery. At the forks of the 
stream the Laramie Goal Measures dipping northward are overlain by 
"the dark-colored rocks of the Livingston formation, readily distinguish- 
Sible by their color, fi-acture, and weathering. The upper parts of this 
section are cross bedded, poorly assorted sandstones, very clearly 
of shallow water formation. The grains are angular, but little water 
^worn, though not less so than the rocks of the Blue Eim. A careful 
examination shows at a number of localities a decided unconformity 
"between the beds at the top of the series and the overlying agglomer- 
ates. At other localites there is an apparent gradation of the water- 
laid strata into the fine breccias, so that the section shows distinctly 
water-laid beds capped by a series of strata in which those beds alter- 
nate with beds showing no traces of such action. The latter become 
more frequent in ascending the series until the rocks are all fine-grained 
breccias that pass rapidly into the coarse volcanic agglomerates made 
up of large angular fragments of andesitic lavas. The agglomer- 
ate beds are very light colored, possessing in a general view a warm 
gray tint. The fragments composing them are of various tints of gray, 
brown, lilac or green, the last color often predominating. There is a 
rude bedding brought out by the rapid weathering of fine-grained ma- 
terial forming thin intercalations rarely more than a few inches thick. 
The agglomerate fragments range in size from minute particles up to 
blocks four feet in diameter, though seldom so large as the latter. 
The lavas from which the agglomerates are formed are all andesitic, 
the rocks possessing but slight variations in character. Augite-ande- 
site is often conspicuous, the large augite phenocrysts being very 
abundant. In several large blocks of basic-looking andesite large iso- 
lated hornblende prisms were noticed. As a whole the rocks though 
so light colored, are decidedly basic and in thin section are seen to be 
pyroxene-andesite. 

These agglomerates represent the products of explosive volcanic 
action from a vent on the shore or in the shallow water of the lake 
whose sediments formed the Livingston beds. The fianks of the cone 
built up of this volcanic debris were covered by the lake waters in the 
subsidence that caused the deposition of the great thickness of sand- 
stones and clays that form the Crazy mountains. 

DISTRIBUTION. 

In the valley of the lower course of the Boulder river the total thick- 
ness of agglomerate interbedded between the Livingston rocks is esti- 
mated to be at least 2,000 feet. The beds dip at a low angle downstream 
and are seen to be overlain by sandstones and i^\vx^\<^ oX'^ys^'^ ^1<b^ ^ss^fe^ 
above Big Timber, frequent sectiona \)evii% ex.^c>^^^Vs^\a^Kt^'^Qt^*»ja. 
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East of the Boulder river tLese agglomerates form the highly acci- 
dented country of the Crow reservation, where they rest upon upturned 
and eroded Mesozoic rocks. In this region a thickness of over 2,000 
feet was observed in a canyon where the underlying rocks were not ex- 
posed to view. A portion of this breccia is, however, believed to rep- 
resent subaerial accumulations deposited contemporaneously with the 
water-laid strata that cover the agglomerates near Big Timber. 

Followed westward from the Boulder river the agglomerat'CS are 
exposed as far as McAdow canyon and Hunter's hot springs. In 
the hilly country between the Boulder and Yellowstone rivers the 
agglomerates are of little moment in the topography j gentle grassy 
slopes fall oif gradually to the broad cobble-covered terrace flats that 
border the Yellowstone river. In this region exi)osures must be sought 
in the rocky walls of the little canyons cut by the branching headwaters 
of Mendenhall and Antelope creeks. These exposures show a gradual 
thinning out of the agglomerates to the north. 

In the bold blufl's facing the river near Springdale, a railroad station 
25 miles east of Livingston, the rocks dip at an angle of 15^ east- 
ward, showing the influence of the McAdow canyon folding. The 
Springdale bluff shows a thickness of about 700 feet of breccia, resting 
upon typical Livingston beds and covered by the purple clays and lilac 
sandstones that prevail eastward. The cliffs are some 200 feet high, 
formed of light-colored agglomerates that, when seen at a little dis- 
tance, closely resemble ordinary sandstone. The base of the section 
consists of dark tufaceous sandstones resting upon the water-laid beds 
of the Livingston series. The lowest ledge of the Springdale bluff 
is a very hard and dense, almost black, sandstone, very brittle, and 
breaking into angular d6bris. It is immediately overlain by a ledge 
locaUy characteristic of the base of the breccia. This rock is fiill of 
dark brown, round concretions, 1 to 2 feet in diameter, that resem- 
ble cannon balls. The "cannon ball" bed is overlaid by beds of fine 
volcanic material resembling a coarse and poorly assorted volcanic ash 
showing no evidence of water action. These ash beds are in turn over- 
lain by a second cannon-ball ledge in which the concretions are much 
smaller. Above this last bed fine-grained agglomerates and very 
coarse agglomerates alternate in rapid succession and without persist- 
ence of horizon. The fragments composing these agglomerates of the 
Springdale block are andesitic lavas identical with those forming the 
beds of the Boulder river; green, brown, lilac and gray in color and 
varying in size from fine lapilli to blocks of 5 feet across (see PL ii). 

In the bluffs of Mendenhall creek east of Springdale station the 
same rocks are exposed underlain by the cannon-ball beds and resting 
upon the earthy brown and si)lintery shales and sandstones of the 
Livingston series. East of Mendenhall creek the agglomerates are 
covered by the overlying sandstones. 
The most northern exposure of the aggVoixiet^t^^ ^^\,io\m^\^wR{^3t 
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that local health resort', Hunter's liot springs, some 3 miles north of 
the Yellowstoue river. In this interval the agglomerates thin out 
rapidly, and in the section exposed by the creek a mile west of the hot 
springs, just south of the wagon road, the conglomerate is but 25 feet 
thick and rests unconforinably upon the sandstones beneath. Tlie 
upper surface is nueven and covered by the lilac sandstones and purple 
shales that usually are above it. (See fig. l.J There is a general de- 



no, 1.— Diflgranimatio SMtlon at Hunlar'a Hot Sprlngo. 

crease in the size of the fi'agmeuts, as well as the thickness of the beds, 
from the Boulder river northward. In the area thus far mapped and 
studied the volcanic agglomerates cover about 75 square miles. They 
also extend over a larger area in the western portion of the Crow In- 
dian reservation. 

Small and local intercalations of volcanic ejectamenta showing no 
assortment or rounding by the a<;tion of water, occur, however, at a 
number of localities in the lower part of the Livingston formation. 
Such accumulations areprominentin the vicinity of Flathead jmss, and 
at the head of Smith river, near the mining camp of Castle. The beds 
exposed east of the Crazy mouutainafrequentlyconsistof finer grained 
material, which, in thin section under the microscope, is seen to bo a 
good pjToclastic rock. The areas of Livingston rocks in the Ma<1ison 
range and along the Jefferson river, described by Dr. A. C. I'eale, also 
consist in part of true volcanic accumulations, the latter exposure 
showing int«rbeddcd lava flows, 

DELATIONS TO LKAF HEPS. 

A gradual increase in the thickness of the beds is noted in tracing the 
thinning out of the agglomerates, and the thickness at Cokedale cor- 
responds approximately to that of both the agglomerates and under- 
lying beds together of the eastern localities. It is supposed that in a 
general way the deposition of the subaerial agglomerates was synchro, 
nous with the formation of littoral deposits of debris washed down from 
the slopes of the neighboring volcano, matVa^ \i^a >si % wi«s!sw^i^ 
bigbet horizon than those beneath the agg\Qni6ia.tfc. tA'Oti.ft ^asaa Sisros. 
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there was a shore to the westward supplying Archeau debris which 
mixed with volcanic particles appears in increasing quantity as the 
rocks q-re followed westward from the Boulder. 

LIVINGSTON CONGLOMERATES. 

The upper portion of the Livingston is for convenience designated by 
this name, as the conglomerates form the most important and often the 
most conspicuous beds of this part of the formation. 

Overlying the leaf beds and volcanic agglomerates there is a series 
of shales and interbedded sandstones and grits that form a promi- 
nent part of the formation wherever the upper portion is exposed. In 
the eastern part of the region the sandstones are fine and uniform in 
grain, making an excellent building stone in the vicinity of Big Timber. 
Traced westward these beds are easily recognized by their red soils that 
form the terrace flats to the south of the Yellowstone river as far as 
Springdale. Beyond here they form the low hills and the country north 
of Livingston. It is in these same shales that the valley of Billman 
creek has been cut, and they have also afforded the material out of 
which the long strike valley east of the Bridger mountains has been 
eroded. In the extension of these beds westward there is a general 
persistence of character of the shales themselves, but on the other 
hand the thin beds of "freestone'^ of the east change in character, 
become coarser, and in the BilliHan creek valley form lenticular bodies 
of coarse and illy assorted grits and conglomerates. Northward the 
open valley of Flathead creek and the synclinal basin north of the 
Shields river valley are both eroded in this part of the Livingston for- 
mation. The exact nature of the soft clayey shales it is difficult to 
make out; they crumble readily, are sometimes quite micaceous, and 
change from green to red on weathering. Thin sections of the associ- 
ated sandstones show them to be made of volcanic material, grains of 
andesitic breccia forming a considerable part of the mass. This series 
of beds has thus far failed to yield any fossil remains. 

Overlying the seiies of purple shales just described, the rocks are 
chiefly sandstones and conglomerates. They do not form a distinct 
conglomerate bed throughout the field, but rather a series of sandstones 
and silty shales holding intercalated beds of conglomerate, the latter 
rocks becoming more prominent toward the west, and attaining their 
maximum and most prominent development along the eastern front 
of the Bridger range. That they form a true part of the series is 
indicated by their composition and by the gradual transition of the 
underlying beds into the conglomerate series. Because of their coarser 
nature a study of the pebbles is more easily made in these beds, and 
this has been most feasible in the exposures of the western part of the 
field. 
2fear punter's hot springs the monoclinal ridges back of the hotel 
are formed of sandstones belongii^g to t\i\» \iomou\\x"aXi\u^\i^<6\<Bo^^ 
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ular intercalations of conglomerate, in which, besides the nsual variety 
of volcanic rocks, gneiss, quartzite and limestone pebbles were recog- 
nized. These ledges are overlain by sandstones and purple clays that 
represent the higher part of the formation. At the month of Shields 
river the sandstones interbedded \^ith the purple and green clays are 
dark and greenish in color and contain conglomerate layers with 
quartzite and limestone pebbles. 

From Big Timber westward the grains forming these rocks become 
very slightly coarser and in the high hills east of the Bridger range 
become conglomerates^ These hills are separated from the mountains 
by a long strike valley cut in the purple shales and drained by Bridger 
and Bi'ackett creeks. The cliifs east of these creeks show a thickness 
of over 2,000 feet of sandstones, conglomerates, and sandy shale. Sev- 
eral detailed sections were made, but are of little general interest, save 
to show the proportion of conglomerate. Brown earthy-colored sand- 
stones grade rapidly into conglomerates and alternate with gray, silty, 
incoherent clayi shales. The rugged ridge separating Brackett creek 
from the flat valley to the north is formed by a sharp anticlinal uplift 
of these conglomerates. Plate iii shows the ledges on the summit 
of the ridge. The importance which attaches to these conglomerates 
arises from the light they throw upon the relation of the Livingston 
formation to the Laramie, and to the post-Laramie movements which 
elsewhere had been found to be so important. The large size of the 
pebbles of the conglomerate permits a ready recognition of their litho- 
logical nature, and this upon examination proves to be of the greatest 
interest. \ In the cliffs east of Bridger creek and the ridges cut by 
Brackett creek, the conglomerates of the series occupy a very promi- 
nent part of the formation. The accompanying illustration (PI. iv) 
shows the size and well-rounded character of the pebbles forming the 
conglomerates. It is reproduced from a photograph. Sections made 
near Stone's creek and on Brackett creek show a thickness of 2,000 feet 
of very coarse sandstones and conglomerates in which a large number 
of pebbles are noted that are not of volcanic origin. In both these 
sections the conglomerates contain pebbles of granite, quartzite of va- 
rious colors, limestones showing chert and carboniferous fossils, and 
cretaceous shales and sandstones. The volcanic rocks also show a wide 
variety; whereas the pebbles of the lower beds show but little variety 
of the andesite, those of the higher strata exposed at Bridger and 
Brackett creeks contain olivine porphyrite, hornblende-porphyrite, 
pyroxene-andesite, quartz diorite, and dacite. The first of these rocks 
is unknown elsewhere in this region. The dacite occurs as an intrusion 
in the Laramie Ooal-measures. 

There is some evidence that may prove sufficient cause for a separa- 
tion of these conglomerates and silts from the Livingston formation 
and their recognition as the base of the Fort Union group. 
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MATERIALS COMPOSINO THE LIVINGSTON. 

The peculiar appearance of the rocks overlying the coal beds of the 
Bozeman coal field was noticed by the geologists of the Hayden Sur- 
vey/ but the volcanic nature of the pebbles was first established by 
the geologist belonging to the Northern Transcontinental Survey, by 
whom descriptions of the conglomerates were published.* 

The general appearance of the coarse sandstones of the lower part 
of the formation suggests the volcanic nature of the materials com- 
posing them. In the hand specimen particles of andesite are frequently 
distinguishable, and the opaque white feldspars derived from the 
andesites are always a conspicuous feature of the rocks. The con- 
glomerates of the leaf beds, though always of merely local develop- 
ment, are frequently prominent parts of the outcrop. The pebbles of 
these conglomerates are almost wholly andesitic in character, the rare 
exceptions being a few pebbles of quartzite found at a few localities 
at this horizon. 

Microscopic examinations of the rocks show a mixture of volcanic 
with archean material. The character of the rocks of the Blue rim 
section has already been stated. That of the strata in the vicinity of 
Cokedale is typical of this formation generally. The lower 1,000 feet 
of beds show an admixture of andesitic debris with Archean material, 
the latter being much more abundant than in the rocks of the Blue 
rim, but in widely varying quantity at different horizons. Many of 
the Cokedale rocks show no assortment of the grains, as there would 
be if there had been wave action during their deposition, and they 
probably represent ash showers. The andesites are all of types repre- 
sented by the intercalated volcanic agglomerates, described later. 
Thin sections kindly examined for me by Mr. Whitman Cross show the 
rocks overlying the coal near the Chestnut mine to be composed of fine 
to coarse andesitic debris but little different from that seen in thin sec- 
tions of rocks from the same horizon north of the Crazy mountains. 

The conglomerates of the upper part of the formation show a much 
wider variety in composition. Inconspicuous features in the exposures 
east of Livingston, they form the high hills east of the Bridger range, 
where they attain their greatest development and become less and less 
prominent parts of the formation northward. In the hills just men- 
tioned the conglomerates consist of well-rounded pebbles up to 10 
inches in diameter, which, though chiefly of volcanic rocks, are of many- 
types, and include moreover a conspicuous proportion of other rocks. 
Microscopical examinations show the following variety of igneous rocks : 

Oliviue-porpliyrite. 
Hornblende-j>orphyrito. 
Pyroxene-andesito. 
Quartz-diorite. 
Dacitc (or rhyolitef). 

»Dr. A. C. Peale, Ann. Kept. U. S. Geol. and Goo*^. Survey, 1871, pp. 49, 173; idem, 
1872, pp. 25, 112. 
'Waldemar Lindgren, vol. xv. Tenth Census \3. S., \>. 1^. 



NrEE».\ ^0S>^1L RI^MMNS OF THE LIVINGSTON. 33 

Pebbles of Archean, gneisses, and quartzites also occur, together 
with limestones showing Paleozoic fossils and Dakota conglomerate. 

FOSSIL REMAINS OF LIVINGSTON FOBMATION. 

The fossils of the Livingston formation consist of plant remains, 
found most abundantly in the southern exposures, throughout the 
Bozeman coal field, and a meager moUuscan fauna most abundant in 
the extreme northern portion of the Crazy mountain country. 

FOSSIL FAUNA OF TUB LIVINGSTON. 

• The molluscan remains are of two kinds, fresh- water and brackish- 
water forms. The former occurs together with leaf remains in the cliffs 
of McAdow canyon of the Yellowstone and at the headwaters of Smith 
river. At the first locality TJnio remains, specifically indeterminable, 
and fragmentary gastropods have been collected. At the head of the 
south Ibrk of Smith river a small collection of fossils was obtained 
from the black calcareous shales of the formation, but the shells have 
been deformed by the flexing of the strata. Unio remains are abun- 
dant, but can not be preserved. The other shells brought are abundant 
and have been examined for me by Mr. T. W. Stanton, who reports as 
follows: ^' The fosssils fi*om this locality are very imperfectly preserved 
and the identifications are too doubtful to be of value. All that can 
be said of them is that they are fresh- water forms having some resem- 
blance to species from the Fort Union bed near Fort Union and at the 
mouth of the Yellowstone, as follows: 

1. Ooniabasis tenuicarinata M and H. 

2. Ooniabasis nebrascensis M and H. 

3. A third form represented by a single mold resembles Thauma^tus 
limnmiformis M and H, a land shell. " 

In the region northeast of the Crazy mountains, drained by the Mus- 
selshell river, a bed of limestone full of shell remains occurs, inter- 
bedded with the Livingston sandstones and conglomerates, a few hun- 
dred feet above the base of the formation. Tbe species obtained from 
this bed, are thus described by Mr. Stanton : " The three species and one 
variety in this lot are all brackish- water forms, and were all originally 
described from the Judith river beds near the mouth of Judith river. 
The Corbicula and the Corbula have been found in the Laramie of 
the valley of Bitter creek, southern Wyoming, and the Oorbula ranges 
well down in the marine Cretaceous. There is no doubt that these fos- 
sils came from the Laramie. 

1. Ostrea subtrigonalis M. and H. 

2. Corbicula cytheriformis M. and H, 

3. Corbula subtrigonalis M. and H. 

4. Corbula subtrigonalis, var. perundata, M. and H. 

The horizon from which these brackish- water forms were obtained is 
below that at which the fresh- water mollusks were found 
BuU. 105 3 



34 LAKAMIE AND LIVINGSTON FORMATIONS IN MONTANA, [bull. 105. 

FOSSIL FLORA OF THE LIVINGSTON FORMATION. 

The abundance of fossil plant remains in both the tme Laramie and 
the Mission creek formations has already been noted. Collections were 
made from both horizons as early as 1871 by Dr. A. 0. Peale and other 
members of the Hayden Survey, and together with further collections 
made in 1872 and 1878 were submitted to Prof. Leo Lesquereux. In 
subsequent years the collections were largely increased by Dr. Peale, 
Prof. P. H. Knowlton, and the writer. At my request a careftd revision 
of this work, together with a study of all other material from the same 
region, was undertaken by Prof. Knowlton, and his report is a very im- 
portant contribution to the paleobotany of the Laramie. This work not 
only describes and tabulates the species collected from the Laramie Coal- 
measures and those from the Livingston formation, but it clears up the 
confusion resulting from the mixing up of collections from various hori- 
zons and localities described in the early reports of the Hayden Survey, 
a work so frequently referred to in the literature of the Laramie. As 
many of Lesquereux's type species of Laramie plants were in these col- 
lections, the importance of a careful separation of collections from dif- 
ferent localities and horizons will be readily appreciated. This necessi- 
tated a careful examination of each specimen of the Hayden collections. 
This has been done by Dr. A. C. Peale, by whom most of the specimens 
were obtained. This has shown that fossil plant remains from both 
the Laramie Coal-measures and the Livingston formation were placed to- 
gether, and with specimens from the volcanic rocks of the Yellowstone 
park were described as Laramie species. The latter have been sepa- 
rated out and the specimens from each locality and horizon in the Boze- 
man district discriminated. The collections studied by Prof. Knowlton 
are from five different localities and represent two horizons, viz, first, 
Laramie Coal-measures, and, second, the Mission creek formation. The 
first includes the specimens labeled Bear creek. Fir canyon, and Fort 
Ellis, Chestnut and the Craig and Horr mines (Cinnabar field). The 
specimens labeled Hodgson coal mine, Flathead pass. Mission creek 
and Bear creek (Madison valley) are from the lower portion of the 
Livingston formation, and can be readily distinguished by their volcanic 
matrix from the specimens obtained from the Laramie rocks. 

In the accompanying report Prof. Knowlton has shown the similarity 
of the flora of the Livingston beds with that of the Denver formation, 
and the table of distribution and the relative abundance of certain 
species show quite clearly that the flora of the Livingston is distinct 
both from that of the Laramie and that of the Fort Union formation. 

UNCONFORMITY BETWEEN LABAMIE AND LIVINaSTON FORMATIONS. 

Unconformity between these two formations has been observed by 
Dr. A. C. Peale in the vicinity of Sphinx mountain in the Madison 
range. At this place an area of Livingston beds, representing the 
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lower part of the formation, rests in marked angnlar nnconformity npon 
tlie Dakota, and all later formations including the Laramie. An up- 
lift, followed by an erosion of about 3,000 feet of strata at the close of 
the Laramie and before the deposition of the Livingston, is quite clearly 
evidenced. Throughout the region east of the mountains examined 
by the writer, the Livingston beds have not been found resting upon 
strata older than the Laramie. Considerable variations in the thick- 
ness of the latter are believed, however, to be in part due to a period 
of erosion preceding the deposition of the Laramie. 

Undoubted proof of unconformity between the two formations is, 
however, afforded by the pebbles of the conglomerates of the Living- 
ston. The Cretaceous section up to and including the Laramie affords 
proof of considerable oscillation of sea and land, but there is good 
ground for believing that the earlier sediments of this age were 
nowhere elevated and subject to erosion. The sandstone and conglom- 
erates of the Laramie all indicate their derivation from Archean land. 
Fo fragments of other rocks have yet been observed. In the Living- 
ston, on the contrary, there are pebbles from all earlier rock masses, 
indicating very clearly the erosion of adjacent land masses consisting 
in part of upturned sedimentary rocks and forming the record of a 
period of erosion of 6,000 feet or more of strata. The conglomerates 
contain pebbles referable by fossils or lithological peculiarities to the 
Laramie, Montana, Colorado, Dakota, Jurassic, and Carboniferous, 
together with others of limestone that may be Cambrian, and a variety 
of quartzites and gneisses that are probably Archean. This lithologi- 
cal proof of a great unconformity is in itself a suf&cient cause to disre- 
gard the apparent conformity of the two formations in the region east 
of the uplifts of the Front ranges. It is evident moreover that the 
slight erosion of this region, and the horizontal attitude of the strata 
during the erosion interval, would necessarily make an unconformity 
less marked and much harder to detect in this region than nearer the 
shore line where the coarser sediments and the greater uplift and erosion 
all reduce the unconformity more apparent. 

THE FORT UNION FORMATION. 

In the Crazy mountains and the broken plains country to the east 
the Livingston is overlaid by a series of beds, believed to be a distinct 
formation, corresponding in stratigraphic position and fossil contents 
to the beds exposed along the Missouri river at the mouth of the Yel- 
lowstone, so long known in geological literature as the Fort Union 
beds. A detailed description of this formation will not be given here, 
as it will be discussed in another paper. The formation consists of 
rather massive, cross-bedded sandstones, with gray, silty shales and 
local lenses of impure limestone. In lithological habit and general 
field appearance the formation is easily distinguished from either the 
Laramie or Livingston rocks, and its fossil contents consist wholly of 
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land and of fresh- water moUusks, and of plants characteristic of the 
Fort Union of the Missouri river. A measured thickness of 4,000 
feet was observed overlying the Livingston, on Labor creek east of 
the Crazy mountains. The rocks of this formation have never been 
found west of the foothills of the Eocky mountains, but cover the 
greater part of the plains to the eastward. 

AGE OF THE LIVINGSTON FORMATION. 

The different views held by geologists upon the age and relations of 
the Laramie group, are due to a fundamental difference in the defini- 
tion. The name was originally applied by King to the series of con- 
formable sediments ending the marine Cretaceous.^ 

A very much wider significance was given to the term Laramie by 
Dr^White, who correlated the various lignite-bearing strata of the 
Rocky mountain region, under the name Laramie group. Thus defined 
the name included formations which further researches show to be dis- 
tinct in both stratigraphic relations and paleontological remains.^ It 
is evident also that collections of fossils from this heterogeneous group 
of strata, having been described as from the Laramie group, have made 
the so-called Laramie flora and fauna an unreliable criterion, by which 
to distinguish true Laramie from post-Laramie strata. 

The facts of stratigraphy and of lithology herein presented demand 
the recognition of the importance of the interval between the Laramie 
and the Livingston deposits. The importance of this interval is also 
shown by the plant remains of the two formations, which present such 
differences and biological development as fully sustain the deductions 
from stratigraphical evidences. It should be stated, however, that it is 
only now, since the thorough revision of the flora of the so-called Lara- 
mie, in which the collections from the Denver and the Fort Union have 
been separated, that such evidence is of value. 

Unfortunately, the known molluscan remains do not aid us in deter- 
mining the importance of this erosion interval, because the invertebrate 
fauna of the Laramie is as much in need of revision as the fossil flora. 
It has been repeatedly stated, by eminent paleontologists, that sedimen- 
tation has been continuous and uninterrupted from the beginning of 
the Laramie to the end of the beds called Fort Union, which are, in 
this paper, separated from the Livingston as a higher series. The fossil 
fauna has been said to be the same from base to top throughout this 
series. A careftil tabulation of species from different horizons shows, 
however, that this is not true in the collections made from the vicinity 
of the Crazy mountains. 

The oyster bed, found in the Livingston, clearly shows an interval of 

iRep. Fortieth, Par. Survey, vol. i, p. 331. 

*The Denver Tertiary Formation; Am. Jour. Sci., April, 1889. Post-Laramie De- 
posit of Colorado; Am. Jour. Sci., July, 1892. ^ 
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qniet, succeeding the formation of the sandstones and grits of volcanic 
material, during which the beds were covered by bra<5kish waters. 

The fresh-water invertebrate fossils, at higher horizons, seemingly 
indicate a change in the character of the waters, and the final recession 
of the sea. The fossils of the oyster bed are, however, iadentical with 
forms characteristic of the Coal-measures of the Laramie, underlying 
the Livingston in this same region, and therefore they can not be used 
as an argument for the separation of the cwo formations, but clearly 
show the existence of a Laramie fauna in brackish waters, after the 
deposition of several hundred feet of Livingston beds. It should be 
stated, however, that none of the conglomerates of the formation, in 
the region in which the oyster bed is found, contain pebbles indicating 
unconformity. It is indeed possible that these beds are incorrectly 
assigned to the Livingston, and should be classed as Laramie. 

As the stratigraphical evidence herein presented shows an uplift, 
followed by a period of erosion after the deposition of the Laramie 
Coal-measures, and before the Livingston period, and the plant remains 
show a flora distinct from the Larainie flora, and allied to that of the 
Denver beds of Colorado, the Livingston beds are clearly to be 
assigned to the post-Laramie. 

The facts discovered make it necessary to limit the use of the term 
Laramie to the original definition, which applied the name to the strata 
ending the sequence of conformable sediments of Cretaceous age; this 
leaves no alternative but to call the Livingston beds post-Laramie. 
Such a designation will, of course, be questioned by those using the 
term Laramie in a broader seiise. The great thickness of beds overly- 
ing the Livingsto]! formation, aggregating some 8,000 feet of strata 
and forming the Crazy mountains, has thus far proved too barren in 
fossils to assign positively any definite age to the strata. Upon litho- 
logical grounds aiid from its stratigraphical position it is regarded as 
un equivalent of the Fort Union strata of eastern Montana. This is 
supported by the leaf remains obtained from the beds. 

CANADIAN NOMENCLATUEE. 

In the northward extension of the Great Plains and the foothills of 

"the Rocky mountains into Canadian territory, the careful work of the 

geologists of the Canadian Geological Survey has added much to our 

knowledge of the Cretaceous terranes. Both Dr. Dawson and Mr. 

Tyrrell have subdivided the great thickness of strata found overlying 

the Montana group into series stratigraphically distinct. Though the 

term Laramie group is retained for the entire thickness, Tyrrell states 

clearly that the lower of the two series into which he divides the strata 

(t. e.j the Edmonton beds) is alone entitled to that name. The overlying 

Paskapoo series he considers distinct, and though there is no apparent 

break or unconformity between them and the Edmonton, the flora and 

founa indicate an Eocene age. These beds are probably identical with 

the Fort Union group of Montana. 
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The Edmonton is described by Tyrrell as the most characteristic 
series of the !N"orthwest territory, for although its thickness never 
exceeds 700 feet the strata are horizontal and overlie a great extent of 
country. They consist of whitish or light gray clays and soft clayey 
sandstones weathering rapidly and into rounded outcrops. The beds 
are frequently seamed with layers of ironstone whose nodules cap pin- 
nacles cut in the soft sandrock. It is essentially a coal horizon and of 
considerable economic importance. The fossil fauna and flora includes 
a number of brackish-water shells, and dinosaurian remains and plant 
remains closely related to the Belly river, and of unquestioned Laramie 
types. 

The Paskapoo beds include all the rocks generally ascribed in this 
part of Canada to the Laramie that overlie the Edmonton series. A 
thickness of 5,700 feet is exposed on the outer edges of the foothills. 
The rocks are light gray or yellow sandstones weathering brown, thickly 
bedded and cross bedded with light blue gray or olive sandy shales, 
holding intercalations of hard lamellar sandstones, and rarely lenses of 
blue concentric weathering limestones. The whole series is character- 
ized by the presence of land and fresh- water shells, and a flora of Fort 
Union type. 

Mr. Tyrrell says the Eocky mountain uplift began after the deposition 
of the Edmonton Laramie, the plains gradually sinking beneath the level 
of the fresh-water lake. The distinction between the Fort Union and 
the coal-bearing Laramie has been strongly insisted upon by !N"ewberry, 
by whom the Fort Union with its wholly distinct flora was regarded as 
Eocene. That no unconformity has been recognized between the two 
in the region of the Great Plains is to be expected, but the collections 
of Prof. L. F. Ward from near Glendive, on the lower Yellowstone river, 
seem to show the absence of the Laramie as defined in this paper at that 
locality, the Fort Union resting directly upon Fox hill strata. The inter- 
polation of the Livingston series and the great unconformity it shows, 
between the coal-bearing Laramie and the Fort Union, seems to be 
good and sufficient grounds for the adoption of Prof. Kewberry's divi- 
sions, and places us in accord with the results of recent work in Colo- 
rado, so fully described by Cross and Hill in their recent publication. 

POST-LARAMIE VOLCANIC ERUPTIONS. 

The rocks described as parts of the Livingston formation all suggest 
the importance and extent of the volcanic activity that followed the 
coal-making period of the Laramie. The water-laid sediments and the 
terrestrial accummulations of breccias and agglomerate both clearly 
show the proximity of volcanic centers. These rocks have now been 
identified over parts of a large area of the Eocky mountain front in 
Montana and show that the eruptions were not merely local in charac- 
ter. At only one locality, observed by Dr. A. C. Peale, near the Jef- 
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ferson river, have iiiterbedded lava flows been observed. The deposits 
generally seem to indicate a period of volcanic outbursts, rather than 
profound intrusions or extensive outflows of later ages. This volcanic 
activity became the most important feature of Tertiary time in this 
region and profoundly modified the topography, which is today largely 
due to the breccias and lavas of that age. The importance of the Liv- 
ingston rocks is apparent when it is considered that the volcanoes of 
that period were the ancestors of the great volcanoes of Tertiary time, 
and the definite establishment of the stratigraphical position of the 
earliest records of this activity is the foundation for the study of the 
order of succession of the volcanic rocks of the region and the geolog- 
ical history which they record. 

It may be of interest in this connection to refer briefly to other occur- 
rences of volcanic rocks in the Cretaceous. The presence of conglomer- 
ates formed of volcanic pebbles in what is here designated the Living- 
ston series was noted by Lindgren while studying the relations of the 
coal beds to the older rocks for the !N"orthem Transcontinental Survey.^ 
In his later paper on eruptive rocks from Montana,* he states: "The 
character of the subaerial masses accompanying these eruptions is not 
well known; only a few conglomerates in the Laramie give some hint 
as to their nature. In the case of a volcanic conglomerate at the coal 
fields of Bozeman, the horizon could be determined to be 2,200 feet 
above strata in which fossils of the Fort Benton group were found. 
This conglomerate consists of pebbles of hornblende- andesite, to which 
consequently no later age than lower Laramie can be assigned.'' 

In a conglomerate about 1,000 feet above Cretaceous Ifo. 2, in the 
Highwood mountains, dacites and andesites were found by the same 
observer. Augite-andesite pebbles form a conglomerate exposed on 
Sixteen-mile creek, and considered by Lindgren to be Laramie. 

In Canada Dr. Dawson has described the occurrence of volcanic 
agglomerates similar to those of Montana interbedded in a series of 
strata overlying the Kootanie coal seams, and referred to the Dakota. 
These agglomerates occur at a horizon about 3,350 feet above the 
Kootanie coal seams, and consist of "volcanic rocks chiefly, if not 
entirely, fragmental, forming an agglomerate of varying coarseness, 
frequently so fine as to be designated a volcanic ash." For the most 
part they are grayish green or purple, and toward the base weather 
easily, forming rounded crumbling masses. This description is equally 
applicable to the agglomerates of the Bozeman coal field. In the gen- 
eral geology of his report, Dr. Dawson alludes still further to the vol- 
canic agglomerates: " The volcanic ash beds and agglomerates of the 
Cretaceous in this region are evidently due to a local eruption which 
had its center in the latitude of the Crow Nest pass. These volcanic 
rocks have, however, been traced north and south from this point over 

* Tenth CeDsus, vol. xv, p. 725. 

< Proo. Cala. Acad. Sci.^ sor. 2, vol. iii, p. 51. 
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a total length of 45 miles, and may probably have at one time had as 
great an extension east and .west, though this has subsequently been 
diminished by the folding together of the beds. The volume of strata 
between the coal-bearing horizon and the base of the volcanic rock is 
estimated approximately at 3,350 feet in the Crow If est pass, and 2,400 
feet on South Kootanie pass. The volcanic rocks themselves are 2,200 
feet thick at Crow Nest pass and thin rapidly to the north and south. 
Dakota plants are found a few hundred feet below these volcanic 
rocks.'' 

SUMMARY. 

The facts presented in this paper are believed to be an important 
contribution to our knowledge of the orographic and structural geology 
of the Eocky mountains. The post- Laramie movements that formed 
so important a part of the mountain building period in Colorado are 
Jierein shown to have this parallel in Montana and to accord with the 
observations made in Canada by Dawson and Tyrrell. 

The facts which have been presented maybe summarized as follows: 

First. The coal-bearing Laramie terminated the succession of con- 
formable cretaceous sediments. 

Second. The beds overlying the Laramie Coal-measures give evidence 
in their pebbles of an unconformity with them and are distinguished 
by a remarkable change in their composition. To this series of beds 
the name Livingston formation is applied. It consists of sandstones, 
conglomerates, and shales, formed chiefly of audesitic volcanic material, 
with an admixture of Arehean debris near the shore line. The beds 
show very little assorting by water action, the fragments are angular, 
and the lower part of the series is decidedly tufaceous, being frequently 
a fine volcanic agglomerate. These beds are consolidated, water-laid 
sediments formed of cinders, lapilli, and other ejectamenta of explosive 
volcanic eruptions. This material fell directly into the lake waters or 
was washed into them from the slopes of the volcano. The abundant 
plant remains of this formation are discussed at length in Prof. Kjnowl- 
ton's report. 

Third. Volcanic agglomerates are intercalated in the Livingston 
formation. They are unmistakably subaerial deposits of coarse vol- 
canic ejectamenta, compactly cemented by fine-grained ash and rudely 
bedded. They represent the material forming the flanks of a post- 
Laramie volcano, whose northern base was subsequently covered by the 
waters of a lake whose sediments form the rocks of the Crazy mountains. 

The lower division of the Livingston beds is thinnest on the Boulder 
river, where the agglomerates are thickest, increases in thickness as 
the latter thins out, and attains a maxium development on the Mis- 
souri-Yellowstone divide, where the agglomerates are farthest away. 

It is believed that the Livingston series and the volcanic agglome- 
rates are the record of volcanic eruptions which began after the close 
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of the coal-making Laramie and were attended by an uplift of con- 
siderable extent. Erosion of the volcanic slopes supplied the rounded 
pebbles and sands, while ash showers formed the coarser tufaceous 
Tocks. In the eastern part of the Bozeman coal field the quantity of 
ejected material being greatest as nearer the source, the shallow waters 
ivere soon filled and the formation of the agglomerates began. Such 
gradual shallowing and filling are clearly indicated in the beds beneath 
the agglomerates. An examination of thin sections of the rocks form- 
ing the lower part of the Mission creek formation shows them to be 
composed of the same andesitic material as the agglomerates. 

The rocks of this formation generally rest directly upon fche Laramie 
Coal-measures in apparent conformity. The direct unconformity of the 
Livingston beds observed at Sphinx mountain and the positive proof of 
a great unconformity and subsequent erosion afforded by the composi- 
tion of the conglomerates of the series show that the epoch of the coal- 
forming Laramie was terminated by an uplift of considerable extent. 
The land area resulting from this elevation was exposed to erosion dur- 
ing a prolonged period, in which a thickness of 4,600 feet of Mesozoic 
beds was removed and the Paleozoic limestones were exposed to denuda- 
tion. The Livingston beds were deposited during this period of erosion. 
The lowest beds of the series in which no i)ebbles of sedimentary rocks 
have been detected may represent the area deposits following elevation. 
They certainly evidence a time of intense volcanic activity. The source 
of volcanic material is probably to be found in the volcanic outbursts 
of the Boulder river on the east and of the Flathead pass country to 
the north. 

The recognition of the Fort Union formation above the Livingston 
is also believed to be an important discovery. This formation has long 
been a cause of controversy, and has by many been excluded from the 
Laramie. As its molluscan fauna is wholly fresh water, and, as such, 
is of little value in determining its age, the fossil flora has been relied 
upon for its discrimination, and this is clearly Eocene. The strati- 
grapic relations herein detailed seem to confirm this view. 



ANNOTATED LIST OF THE FOSSIL PLANTS OF THE BOZE- 
MAN, MONTANA, COAL FIELD, WITH TABLE OF DISTRI- 
BUTION AND DESCRIPTION OF NEW SPECIES. 



By F. H. Knowlton. 



The first collection of fossil plants fipom what is now very generally 
known as the Bozeman coal field was Inade in 1871 ^ by the members of 
Dr. F. Y. Hayden's party while they were encamped at Fort Ellis, pre- 
paratory to beginning their memorable exploration of the Yellowstone 
national park. The actaaJ collecting was done by Dr. A. 0. Peale, 
Mr. Joseph Savage, and Mr. W. H. Holmes. The specimens, as I am 
informed by Dr. Peale, were all obtained on the same day and from the 
same vicinity, although not all at exactly the same spot. As the country 
was at that time new and unsettled, the nearest fixed point was the 
military reservation of Fort Ellis, and the specimens were labeled by 
the various collectors as follows : " Six miles above Spring canyon (now 
known as Eocky canyon), near Fort Ellis, Montana^'; "above Spring 
canyon, near Fort Ellis,^ and " near Fort Ellis, above coal.^' The fact 
that there were three kinds of labels lead Prof. Lesquereux, to whom the 
specimens were submitted for examination, to suppose that they came 
from quite different localities, but in his published account* he referred 
them to the same horizon. Most of these specimens are fortunately 
still preserved in the collections of the U. S. National Museum, and it 
is therefore possible to correlate them with considerable certainty with 
the recent collections made in the same region. 

The specimens of this first collection may be very readily separated 
into two groups by the character of the matrix in which they are pre- 
served. The first consists of a very hard, dark metamorphic shale, 
breaking across the plane of stratification, and therefore rarely affording 
I^erfect impressions. The other is a lighter colored, but very coarse, 
hard sandstone not well suited for the preservation of the details of 
nervation. 

The exact spot from which the original specimens in dark meta- 
morphic shale were obtained has been revisited by Dr. PeaJe and myself 

1 Hayden'B Ann. Rept., 1871, p. 296. > Haydeu's Ann. Rept., 1872, p. 404. 
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and a considerable collection gathered, which contains nearly all of the 
species known, irom a comparison of the types in the National Mu- 
seum, to have come from there. It is the locality now known as Hod- 
son's coal mine, and is on Meadow creek, a1»out 12 miles southeast of 
Bozeman. 

The precise point at which the specimens preserved in the coarse 
sandstone were obtained has not been rediscovered, as they were col- 
lected in 1871 by Messrs. Holmes and Savage, who have never revis- 
ited the place. There 'is, however, little reason to doubt but that it is 
the same horizon as that at which plants in exactly similar material 
have been obtained in recent years at the mouth of Bear canyon and 
near the mouth of Fir canyon. If this supposition be true, and there 
is no reason to suppose the contrary, as it can be traced continuously 
from the mouth of Bear canyon to the Meadow creek locality, this 
horizon is a little lower than the former or the one containing the dark 
cross-bedded shales. 

Following is an enumeration of the material which has fornished the 
basis for the present paper, with a statement of localities and collectors: 

The original collection of 1871, embracing forty specimens and twenty species pre- 
served in the U. S. National Museum. 

Timber line, Gallatin county, Montana. Collected by Dr. A. C. Peale, August 30 and 
and 31, 1883. A few nearly indeterminable fragments. 

East side of Bridger range, 8 or 10 mil'es north of Bridger canyon, Gallatin county, 
Montana. CoUected by Dr. A. C. Peale, August 9, 1885. Fragments determinable 
generically only. 

East side of Bridger range, half mile north of Flathead pass, Gallatin county, Mon- 
tana. Collected by Dr. A. C. Peale, August 28, 1885. Contains only three species. 

Bear canyon, half mile above its mouth and 6 miles southeast of Bozeman, Gallatin 
county, Montana. CoUected, August 25, 1886, by Dr. A. C. Peale. This is the 
coarse sandstone mentioned above and contains fragments of five or six species. 

Near head of Fir canyon (north side), 8 miles east of Bozeman, GaUatin county, 
Montana. CoUected by Dr. A. C. Peale, July 23, 1887, and September 28, 1888. 
Embraces about a dozen species. 

Stone quarry on the road to Meadow creek and about half mile above its mouth. 
Collected by Dr. A. C. Peale and F. H. Knowlton, September 27, 1888. 

Hodson's coal mine on Meadow creek, 12 miles southeast of Bozeman, GaUatin 
county, Montana. Collected by Dr. A. C. Peale, August 16, 1888, and'by Dr. Peale 
and F. H. Knowlton September 28, 1888. 

Mouth of Fir i^anyon, east side of East Gallatin river, 4 mUes southeast of Bozeman, 
Gallatin county, Montana. Collected by F. H. Knowlton, July 3, 1888. 

Between middle and north branches of Bear creek, east of Madison vaUey, on the 
east side of the Madison range. Collected by Dr. A. C. Peale August 20, 1889. 
This is really extralimital, but is included because it is the only other lot of 
plants from this part of Montana, and is moreover in material similar to that from 
Hodson's coal mine, and also contains some of the same species. 

Horr and Craig mines, Cinnabar mountain, Montana. Collected by W. H.Weed July 
17 and 18, 1890. 

Near Little Mission creek and east of Mission creek. Collected by W. H. Weed, Au- 
gust 22, 1890. 
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Anemia subceetacea (Sap.) Ett. aud Gard. 

Gymnogramma Haydenii Lx. 

Only two or three small fragments observed. 

AspiDiUM Lakesii (Lx.) Kn. 

Plate II, figs. 1-4. 

Lathrcea arguta Lx. Hayden's Annual Eeport, 1869, p. 96. 

SpJienopteris eocenica Ett. Eoc. Fl. d. Mont. Prom., p. 9, PI. n, figs. 
5-8; Hayden's Annual Report, 1872,;p. 376. 

Sphenopteris Lakesii Lx. Tert. FL, p. 49, pi. ii, figs. 1, la. 

Sphenopteris membranacea Lx. Hayden's Annual Report, 1873, p. 
394; Tert. Fl., p. 50, pi. ii, figs. 2, 2a, 3, 3a. 

HaMtat — Between middle and north branches of Bear creek, east ot 
Madison valley, on the west side of the Madison range, Montana. Col- 
lected by Dr. A. 0. Peale August 20, 1889. 

As stated in the list of localities this material is not from the Boze- 
man coal field proper, but is included on account of the fact that it is 
the only other lot of plants from this part of Montana, and moreover 
possesses exceptional biological interest. It is undoubtedly of same 
age as the Hodson's coal mine material. The form to which these spec- 
imens are referred occurs in great abundance in the Denver beds ot 
Colorado and may be regarded as one of the most characteristic species 
of that formation. The collections from Colorado contain hundreds 
of specimens, but strangely enough not one has been found in fruit, 
and it is therefore of great interest to find the fruiting specimens and 
be able to settle definitely its systematic position. In absence of the 
fruit it was referred to the genus Sphenopteris by Lesquereux, but the 
fortunate finding of these fragments in fruit, as shown in Figs. 1, 2, 3, 
of PI. VI, makes necessary their reference to the genus Aspidium. 

The complete description of this species in the light of all known jna- 
terial is reserved for a subsequent publication, but in order to show 
that the Montana specimens agree in matter of outline and nervation 
with those from Colorado, a single specimen is figured (PI. vi, Fig, 4) 
from near the Douglas coal mine at Sedalia, Colo. 

Equisetum ( T) 
A minute fragment of doubtful identity. 
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Abietites DUBIUS Lx. 

Lesquereux, Tert. Fl., p. 81, PI. vii, Fig. 24 j non Figs. 20, 21, 21a. 

The specimens upon which this species was founded are preserved 
in the TJ. S. Kational Museum. After a careful study of them, to- 
gether with all material since obtained from the same region, I have 
divided the species as defined by Lesquereux, a part going to Sequoia 
Beichenbachi Gein. (q. v.), and the small, rather doubtful remaining 
ones are retained under A. duMus.^ 

Abietites setiger Lx., described at the same time, is to be dropped. 
Schenck (ZitteFs Handb. d. Pal., vol. n, p. 350) was the first to suggest 
that the fragment upon which this was founded was probably nothing 
but the roots of some plant, and an examination of the type specimens 
in the TJ. S. !N'ational Museum abundantly confirms this view. 

Sequoia Eeiohenbaghi Gein. 

Abietites dubius Lx., ex. p., Lesquereux, Tert. Fl., p. 81, pi. vr., figs. 20, 
21, 21a. • 

Sequoia ReicJienbdchi is essentially a Cretaceous species and enjoys a 
very extensive vertical and areal distribution. It first appeared in the 
extreme upper Jurassic, is abundant iu the Kootanie and Potomac for- 
mations and other lower and middle Cretaceous deposits, and is also 
found in the lower or true Laramie and the post-Laramie of Colorado 
and Montana. 

The [National Museum contains several specimens under this name 
from Spring canyon (Hodson's coal mine), although it does not ap- 
pear in any of Lesquereux's publications, as found at this place. The 
recent collections also contain a number of fine specimens. They are 
distinguished from Abietites duMus Lx., by the smaller, more arched 
and very acute leaves, which were clearly sharply angled. I have re- 
ferred here Figs. 20, 21, 21a, pi. vn, of Lesquereux's Tertiary Flora, 
there called Abietites dubius. 

Taxodium distichum miocenum Heer. 

Heer, Mioc. Bait- FL, p. 18, PL ii; ni, Figs. 6, 7; xrv. Figs. 24-28; 
XV, Fig. la; Flor. foss. arct., v, Pt. n, p. 33, PL vin. Fig. 256; ix. 
Fig. 1; Lesquereux, Tert. FL, p. 73. 

Taxodium dubium Heer. Lesquereux, Hayden's Annual Eeport, 
1872, p. 389; 1875, p. 409. 

Several specimens of this widely distributed species were found in 
the Hodson's coal mine material. One of them is a large, well pre- 
served specimen, which makes the determination very satisfactory. 

Ginkgo adiantoides Ung. 
Represented by several fine specimens. 

1 For ftiU discnssion of the conifers of the Bozeman coal field, see forthcoming 
MonogTuph OB the Laramie and allied formations, in preparation. 
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Thinnfeldia polymobpha (Lx.) Kn. 
Plate I, Figs. 1-4. 

Salishuriapolymorpha Lx. Am. Jour. Sci., 2d ser., vol. xxvn, 1859, 
jp. 362; Hayden's Ann. Eept., 1872, p. 404; Tert. Fl., p. 84, PI. lx, Figs. 
40, 41; Knowlton, Proc. Biol. Soc. Wash., Vol. vii, p. 153. 

Leaves cnneiform or long wedge-shaped, narrowed from above the 
xniddle downward into a strong thick petiole and rounded, erose or 
Srregularly lobed or cut at apex; margin entire or more frequently 
strongly irregularly undulate or toothed; mid-vein very strong, con- 
tinuing to the apex or In some cases nearly or quite vanishing just 
T>elow the point; veins thin, close, simple, emerging at an acute angle 
:£rom the mid- vein, thence running with slight curve to the margin. 
"" The leaves of this species are very large, measuring in some in- 
-stances ftdly 30'"" in length and 9-11®™ in width. The smallest speci- 
nnen (Fig. 4), which may not be complete, is 10«"» in length by 3®™ in 
^dth, but most of the specimens, of which there are numerous frag- 
ments, are fully as large as the maximum size given above. They were 
provided with a strong thick petiole, as in Fig. 3, at least 3«™ long and 
3mm in diameter. In outline the leaves are long wedge-shaped at base, 
and rounded or variously, irregularly lacerate-toothed at the apex, as 
seen in Figs. 1 and 2. The margin, perhaps best seen in Fig. 2, is 
irregularly undulate, or in some cases, as in Fig. 4, slightly toothed. 
The mid- vein or rib is very thick and prominent, sometimes running 
clear to the apex, as in Figs. 2 and 4, while in others it vanishes just 
below the apex, as in Fig. 1. The lateral. veins emerge at a very acute 
angle and are close, fine and only slightly curved in running to the 
border. 

The name of Salishuria polymorpha wslb first given by Lesquereux* 
to some fragmentary specimens collected by Dr. John Evans at !N'anaimo, 
Vancouver island. It was not described in this publication, the only 
statement being that, besides several species of dicotyledons, there was 
also " a very fine Salisburia, very variable in the outline of its leaves and 
named Salisburia polymorpha (Lesq.), distinctly related to Salisburia 
adiantoides (Ung.), found in the Pliocene of Italy .^ Lesquereux's next 
mention of this species was in Hayden's .Sixth Annual Report (1872), 
when he identified as belonging to it certain fragmentary specimens 
obtained by Dr. A. C. Peale andMr. Joseph Savage from " six miles above 
Spring canyon, near Fort Ellis, Montana," which locality is the same as 
that now known as Hodson's coal mine. He alludes to the Vancouver 
specimens, and states that they had been << described and figured for a 
final report, which was delivered to Dr. Evans but was never pub- 
lished." This report still remains, so far as known, unpublished, and 
therefore the Vancouver specimens are still without description or fig- 

^Am. Jour. Sol., 1859, p. 362. 



48 LARAMIE AND LIVINGSTON FORMATIONS IN MONTANA. Ibull.105. 

ures^ existing only in name. The Spring canyon (or Hodson's coal 
mine) specimens were more fully described and illustrated^ under the 
name of Salisburia polymorphaj by Prof. Lesquereux in his Tertiary 
Flora, where he states that he is not quite i)ositi ve that they are actually 
the saii^e as those from Vancouver, a view that, in the light of the pres- 
ent large series, is likely to prove correct. But in absence of either de- 
scriptions, drawings or specimens from Nanaimo, it is manifest, that 
according to the laws of nomenclature, the name must be permanently 
associated with the specimens first actually described, and it therefore 
falls to the Montana specimens. If subsequent investigation shows 
that the l^anaimo specimens are actually the same as those from Mon- 
tana, they will of course take this name, but if they represent a good 
species of Salisburia (or Ginkgo) allied to 8. adiantoidesy as Lesquereux 
has said, they must receive a new name. 

Some of the forms of this species seem at first sight strongly to re- 
semble certain forms of Ginkgo, as Fig. 4, and in absence of ia. series 
for study Prof. Lesquereux was undoubtedly justified in supposing them 
to represent leaves of this genus. But when a considerable number of 
specimens are examined it is seen that they do not agree closely with 
Ginkgo, although it is possible that they are in some way connected 
with it. Four leaves of Ginkgo that have been identified as G. adian- 
toidesy are found in beds of nearly the same horizon, but not actually 
associated in the same place. As these leaves can not be received in 
Ginkgo, I have thought best to place them under the somewhat miscel- 
laneous genus of Thinnfeldia, wliich, according to recent views, seems 
best characterized to contain them. The genus Thinnfeldia should be 
placed according to the latest authorities among the conifers, a view 
which the present specimens undoubtedly confirm, but it has been shifted 
about from place to place. Thus Schenk at one time regarded it as 
belonging to the Cycadaceae; while Saporta, Schimper, and at first 
Nathorst, would place it among the ferns, a i)osition which some of the 
forms included under it would undoubtedly demand, for there are, 
judging from the published drawings, some true ferns. On the other 
hand, Ettingshausen and Ifathorst, in his later views, would put this 
genus among the conifers, the former writer supposing it to be allied to 
the genus Phyllocladus. 

The species under consideration is found in company with and is un- 
doubtedly related to the following species, which in turn, is very closely 
related to T. Lesqueretuviana of Heer from the Atane beds of Green- 
land. Heer identified with his species Lesquereux's Fhyllocladus sub- 
integrifolius from the Dakota group of Kansas and placed it, under the 
heading Incertce sedis, after the ferns. Whatever may be the disposi- 
tion of the various species of Thinnfeldia, for this genus seems to be in 
need of revision, I am convinced that the Montana specimens under 
consideration belong to the conifers and are not far removed from the 
genus Phyllocladus. 
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Certain of the smaller fossil leaves, as Fig. 4, have a strong resem- 
blance to certain living species of Phyllocladus, as for example P. 
rhomhoideus Eich., from Tasmania, which is irregularly toothed or lobed 
on the margin but is larger and more regularly wedge-shaped at apex. 
The rachis is much the same in both. It is possible that it may be 
connected with other living species of Phyllocladus, but the limited 
herbarium at my command will not admit of further comparisons. 

Thinnfeldia lanceolata n. sp. 
Plate v. Fig. 5. 

Leaves long-lanceolate, tapering gradually below into a thick petiole 
and above into a long, slender acuminate apex ; margin entire or slightly 
undulate-crenate, especially above the middle; mid-vein very strong in 
the lower portion, gradually becoming thinner above and vanishing be- 
low the apex; veins numerous, close, simple or rarely forked; at an 
acute angle of divergence, running straight to the margin. 

This species is well represented by the very perfect specimen figured 
(PI. V, Fig. 5), as well as by several smaller less perfect fragments. It 
has a length of 31*=" and a width in the middle of 4*'™. The midrib at 
the base is very strong and thick and Yfas evidently extended into a 
thick petiole, which is now broken. Another specimen of exactly the 
same shape is only about 2,6^^ long and 3*^"* wide, but has neither the 
apex or base preserved. The midrib is very pronounced in the lower 
half of the leaf, but becomes gradually thinner until it vanishes in the 
upper fifth of the leaf. The nerves emerge from the midrib at a very 
acute angle. They are close, parallel and rarely, possibly never, forked. 

This species is found associated in the same beds, and even on the 
same pieces of matrix, with the preceding, and is evidently closely re- 
lated to it. The thick, prominent midrib and the numerous close veins 
emerging at an acute angle from it, are the same in both species, but 
the present species is readily distinguishable by its lanceolate form, 
with nearly entire margins and long acuminate apex. It is possible 
that they may represent leaves from different parts of the same tree, 
or of the same species under different circumstances, for as is well 
known, many liviug trees exhibit such striking differences in form and 
size of foliage as almost to preclude the probability of their belonging 
to the same species. But as both forms can be so readily separated by 
the characters pointed out above, and particularly as no intermediate 
forms have been detected, it is thought best, provisionally at least, to 
describe them as distinct. 

The only described species of Thinnfeldia with which this form seems 
to be related is T. Lesquereuxiana Heer (Fl. foss. arct., vi,' Abth. 2, p. 
37, PI. XLiv, Figs. 9, 10; XLVi, Figs. 1-12), with which Heer has also 
identified the Phyllocladus subintegrifoUxis of Lesquereux (Cret. Flora, 
p. 64, PL I, Fig. 12). It, however, differs by its much larger size and in 

Bull. 105 4 
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being always pointed at apex and quite entire. It is not improbable, 
however, that they may be more closely related than the present spec- 
imens i)ermit of deciding. 

There are several living conifers with which this species is undoubt- 
edly related, and were it not for the fact that it seems to be related to 
the preceding form (T. polymorjyha)^ it might perhaps best be described 
under the name of the living genus. This living genus is Podocarpus, 
of the tribe Podocarpeae. The species which it most resembles is P. 
maerophylla Wall., from tropical India, which has lanceolate leaves 6 
to 8 inches in length and a little more than one-half inch in width, and 
of exactly the same shape as the fossil leaves. It has also a strong mid- 
vein with close, divergent, lateral veins, as in the fossil. P. Bumphiiy 
from New Guinea, is also quite like the fossil species, as is P. leptos- 
tacky a Bl., from Borneo, and P. salicifolia^ from the island of St. Martha. 

Phragmites alaskana Heer. 

The specimen referred by Lesquereux to this species is in the U. S. 
National Museum collection, and the newly obtained material agrees 
exactly with it. 

Caulinites sparganioides Lx. 

The fragments which Lesquereux had from this place were referred 
with considerable doubt to this species. The specimens in the latter 
collections are similar to those seen by Lesquereux, but the question as 
to whether they or any of them really represent the species under con- 
sideration is unsettled. 

PopuLUS MUTABiLis, var. ovalis Heer. 
Not observed in the recent collections. 

POPULUS L^VIGATA Lx. 

Only a single specimen, which is of the same character as that figured 
by Lesquereux from Rock creek, Laramie plains, being, however, much 
smaller. 

PopuLus cf. ARCTiCA Heer. 

Plate II, Figs. 7-9. 

Leaves broadly reniform with rounded lobes, a heart-shaped or slif^htly 
wedge-shaped base and very rounded apex; 5-nerved from the apex of 
the petiole, the nerves all of the san^e strength. 

*' 

Habitat. — Near mouth of Bear canyon, 6 miles southeast of Bozeman, 
Montana. Dr. A. C. Peale, collector. 

As will be seen from the figures the three leaves here referred pro- 

visionallj to this species differ considerably among themselves, and 

there may possibly be two species, althougVi pToba\A^ noX, TNro of tbem 
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(Figs. 8, 9, of PI. VI) are clearly similar. They have a very rounded 
outline, with a distinctly heart-shaped base. The five nerves, which 
are of nearly equal strength, all, or usually, arise from the apex of the 
petiole and do not arch much in passing to the borders. The other leaf 
(Pig. 7) has the same rounded outline, being as broad as or broader than 
long, but is wedge-shaped at base. The nerves are five in number, ag 
in the others, and they diverge from the apex of the petiole in the same 
manner, but as the leaf is narrower the nerves have a more acute angle. 
In all the leaves it is a noticeable fa<5t that the five nerves divide the 
leaf into approximately six equal parts, thus making a wider angle in 
the broad leaves than in the wedge-shaped one. The branching of the 
nerves, as far as it is possible to make it out, is the same in all. The fur- 
ther fact that they all occur at the same place and even on the same 
piece of matrix is suggestive of their belonging to the same species. 

The question of their identity with P. arctica Heer is quite another 
thing. They can hardly be regarded as typical P. arefica, and yet they 
do not differ greatly from a few that have been figiu'ed as belonging to 
this species. Heer, Fl. foss, arct., Yol. i. PI. v, Figs. 3, 4; PI. xxi, Fig. 
14; op. cit.j Vol. III. Mioc. Pfl. v. Gronl., PI. ii. Fig. 20a; op. cit.^ vol. 
rv, Beitrage z. foss. Fl. Spitzb., PL xxxii, Fig. 3; Lesquereux, Tertiary 
Flora, PI. xxiii. Figs. 1, 4, etc., while not absolutely similar, are very 
suggestive. In absence of sufficient material to make out a fuller de- 
scription it has been thought best to leave them as above. 

POPULUS! PEOBLEMATICA n. Sp. 

Plate VI, Figs. 5, 6. 

Fruiting ament long pcduncled, the peduncle rather thick; capsules 
oblong, rounded at apex, i)ediceled. 

Habitat, — Head of Fir caiiyon (north side) 8 miles east of Bozeman, 
Montana. Dr. A. C. Peale, collector. 

The best preserved specimen (PL vi, Fig. 5), appears to have had 
a shorter peduncle than the other (Fig. 6), but it is partly obscured by 
the matrix and its full length can not be ascertained. The capsules at 
the base of this ament are long pediceled, but the pedicels become 
gradually shorter toward the apex of the ament and the capsules also 
become smaller. The other specimen (Fig. 6) is very obscure and the 
figure of it is in a measure conventional. It has a long, naked basal 
portion, and the capsules, if they be such, are more closely oppressed 
to the axis than in the best preserved specimen. It appears to have 
been in a younger state than the other at the time of its fossilization. 
It is also possible that it (Fig. 6) is not the same species as the other, 
for as remarked above, it is so obscure that it is made out with great 
difficulty. 

It is with a good deal of hesitation that these amenta are described 
under the name ot Populus. As they occwx 9A> \i\v<^ ^*dsa\.<6 ^^^«^^^ ^ss^^ ^sc^^ 
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of them actually on the same stone with specimens of Thinnfeldia poly- 
morphaj the first thought is that they represent fruiting aments of 
this species, a view further supported by the fact that no leaves of 
Populus have been detected in this bed. A careful consideration, how- 
ever, fails to develop other than negative support for this theory, for 
the aments that have been described for similar forms differ widely. 
Thus the aments described as belonging to Ginkgo in the various 
volumes of Heer's Arctic Flora are entirely different. The nearest 
approach to it is Czekanowskia setacea Heer,' which has pediceled fruits 
not unlike Fig. 5. But the leaves of this genus, which have sometimes 
been found attached to branches bearing the fruits, are entirely differ- 
ent from anything that has ever been found in the Bozeman coal field. 
There is, therefore, very little reason for supposing that these aments 
belong to this genus. 

On the other hand, these aments have a decided resemblance to the 
mature fruiting aments of certain living species of Populus. They are 
for example very like Populus monolifera Ait., and more particularly 
P. Fremontij Wats., var. Wislizeni Wats., from the state of Chihuahua, 
Mexico, as preserved in the herbarium of the U. S. National Museum. 
The living species mentioned have long aments with the large capsules 
pediceled as in the fossil and they decrease in size from above down- 
ward in the same manner. 

While no leaves of Populus have so far been obtained in the same 
beds with these aments, no less than three well-marked species have 
been found in other parts of the Bozeman coal field, thus showing that 
this genus was undoubtedly present. It is, however, open to question, 
and it is to be understood as a merely provisional name awaiting the 
possible discovery of new and more decisive material. 

Salix angusta A1. Br. 

The recent collections contain a great number of leaves or fragments 
of leaves which seem to be the same as those so identified by Lesquereux, 
but they are mostly without nervation and therefore in doubt. 

QUERCUS CHLOROPHYLLA Ung. 

The specimens referred by Lesquereux are in the Museum collection 
and are found to have come from the coarse sandstone layer. They are 
very obscure with very little nervation. The specimens in the recent 
collection are also in the coarse sandstone and are equally obscure. 

They are, however, the same as those referred by Lesquereux to this 
species. 

QiiftBCUs CASTANOPSis Newberry. 

This determination is based on a single fairly well-preserved leaf, and 
can not therefore be regarded as of much value. 

'IZ foB8, arct,, VJ, Nachtrage z. Jura F\. Si\>iiieivs ^. \%,'?V n\, YV^. 15, 
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QuERCUS GODETi? Heer, 

The specimens referred by Lesquereux .to this species are in the 
Museum collection, while the later collections do not contain it. 

QUEROUS ? FRAXINIFOLIA Lx. 

No additional specimens of this species have been seen. 

QuERCus Ellisiana Lx. 

The most abundant species of oak found in the collections. 
Quercus Pealei Lx., was founded upon a single leaf from Spring 
canyon. This specimen is fortunately preserved in the U. S. National 
Museum, and after some consideration 1 have decided to reduce it to 
, Q, JEllisiana. Lesquereux in his last mention of Q. Fealei (Tert. FL, p. 
156) said: " This small leaf ♦ ♦ ♦ may be referable to the former 
species." It comes from the same beds, and is the only one ever ob- 
tained. At first sight the nervation may appear quite unlike the typi- 
cal Q. Ellisiana^ but by comparing all the figures and recent specimens 
it is found that the position and direction of the lowest pajr of secon- 
daries depend upon the shape of the leaf, and the narrower examples 
of Q. Ellisiana have the same character. 

JUGLANS RUGOSA Lx. 

A number of good specimens obtained. 

JUGLANS DENTICULATA Hecr. 

No specimens observed in the recent collections, and none of those 
referred to this species by Lesquereux are in the Museum collection. 

JUGLANS RHAMNOIDES Lx. 

Hie specimens referred to this species by Lesquereux are also miss- 
ing, and none that could be regarded as similarhave since been found. 

Platanus Guillelm^ Gopp. 

A number of well preserved leaves were found which seem clearly to 
belong to this species. They are evidently closely allied to the follow- 
ing species, as pointed out by Lesquereux,^ and have usually been found 
associated with it. They probably represent a single variable species. 

Platanus aceroides Gopp. 

None of the recent material contains specimens that seem to belong 
to this form, and its presence is based on Lesquereux's determination 

» Tert. Fl., p. 183, et aocv. 
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and upon a siogle broken specimen in the Museum collection under the 
name Quercus platanoidesj now regarded as a synonym of P. Cbceroides. 

FiCUS AURIOULATA Lx. 

The recent collections contain nothing but a number of fragments 
that are doubtfully referred to this species, while the type specimens 
are missing. 

FlCUS TILIJSFOLIA Al. Br. 

This species enjoys precisely the same status as the former. 

FiCUS PLANICOSTATA Lx. 

The recent collections embrace a number of well preserved leaves 
that are referred with much certainty to this species. 

CiNNAMOMUM SCHEUCHZERI ! Hecr. 

The specimens in the collection of 1872 were doubtfully referred by 
Lesquereux to this species. They are preserved in the Museum collec- 
tion and agree exactly with a number in the late collections. They 
are, however, not sufficient to settle the real question of their identity. 

CiNNAMOMUM ELLIPTICUM n. Sp. 

Cinnamomum polymorphum Al. Br., Lesquereux, Tert. FI., p. 221, pi. 

xxxvii, fig. 10 [non tig. 6]. 

Cinnamomum Bossmdssleri Heer, Lesquereux, Hayden's Ann. Eept., 

1872, p. 379. 

Leaf of medium size (about 9*^'" long and 4<"» broad), long-elliptical in 
outline, apparently rounded above to a short acumen (broken), and be- 
low to a rounded, slightly wedge-shaped base; lateral nerves thick, as 
prominent as the midrib, ascending to near the upper extremity, branch- 
ing outside; midrib sparingly branched above the middle. 

Habitat: Hodson's coal mine on Meadow creek, 12 miles southeast 
of Bozeman, Montana. 

It is with some hesitation that this species is described as new to 
science. It depends upon a single well preserved leaf and a number of 
more or less doubtful fragments. This nearly perfect specimen was de- 
scribed by Lesquereux as C. polymorphum, Al. Br., and is the only speci- 
men upon which the presence of this abundant European species in 
American strata rests. In the discussion regarding 0. polymorphum, Les- 
quereux says: '^ In the leaves^ which I refer to this species, the surface 
is coarser cut by deeper nervils, the midrib more divided than in 0. affined 
But the essential characters of 0. polymorphum are not suflBciently dis- 
tinct upon our specimens, none of them having the upper part of the 



^I'he other one of the two so referred is wovj placevV uuOiftY C. ajjiuelix., Y.^,^ 
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leaves or the acumen preserved, and the areolation and fibrillae of the 
borders being obsolete. Therefore we may have in the two leaves re- 
ferred here to C. polymorphum mere varieties of C. affine, and thus it 
may be that all the American Cinnamomum leaves represent only one 
species." 

Acarefal comparison of the many published figures of C. polymorphum 
does not show any that agree satisfactorily with the one under discus- 
sion. It is for example much nearer to C. Bossmassleri Heer* with which 
Lesquereux appears at first to have identified it. It is also less like (7. 
affine than he supposed it to be. 

LiTSEA Weediana n. sp. 

Tetranthera sessiliflora Lx. ex. p. Lesquereux, Tert. Fl. p. 217, pi. 

XXXV. fig. 9. 

Leaf sessile?, entire, oblong-lanceolate in outline, broadest below the 
middle from which point it tapers upward gradually, then rather ab- 
ruptly, into a sharp-pointed apex, and downward into a rounded heart- 
shaped base; midrib straight; secondaries about 6 or 7 pairs, subop- 
posite, camptodrome, lowest pair emerging from just above the apex of 
the petiole at a more acute angle than the upper ones, joining the 
second pair just above the middle of the leaf; just below the first 
prominent pair of secondaries is a pair of thin veins that arch along 
near the lower margin of the leaf and unite with a branch of the first 
pair at about the middle of their length; cross nervation at right angles 
to the midrib. 

Habitat: Hodson's coal mine on Meadow creek, 12 miles southeast of 
Bozeman, Montana. 

The specimen of this species figured in the Tert. Fl, pi. xxxv, fig. 9, as 
Tetranthera sessiliflora was said by Lesquereux to have come from 
Evanston, Wyoming. Fortunately this specimen is still preserved in 
the U. S. National Museum collection (No. 305). A glance at tlie 
matrix shows conclusively that it could not have come from any known 
horizon at EvanstoD, and on referring to the Museum catalogue it is 
found properly recorded from ^^Spring canyon, Montana." The Miiseum 
contains another very perfect specimen (No. 834) of this species from 
the same place recorded under the name of Cassia, and the recent col- 
lection also affords another fine leaf, both of which agree perfectly with 
the one figured in the Tert. Fl., loc. cit. 

These leaves differ markedly from Litsea {Tetranthera) sessiliflora 
in being apparently sessile, in being broadest much below the middle, 
with a heart-shaped base and in having 6-7 pairs of secondaries with a 
single pair of tbin veins below the lowest prominent pair, I have 
therefore regarded them as new to science and have named the spe- 
cies in honor of Mr. Walter H. Weed of the U. S. Geological Survey, 
who has done so much to unravel the intricate ^e-olo^ o^ ^V^^^'^v^j^* 



' Fl. Tert. Helv. ii, p\. xciii, ^^. \^. 
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Laurus socialis Lx. 

A number of fairly well preserved leaves are referred to this species. 

Fraxinus dentioulata Heer. 

Several leaves with dentate margin are referred with considerable 
certainty to this form. It is, however, not well characterized. 

Andromeda Grayana Heer. 

Probably the most abundant species from this locality. 

Andromeda affinis Lx. 

• 

This species was first described by Lesquereux in Hayden's Annual 
lieport, 1874, p. 348. It is there said to have come simply from " Spring 
canyon," without indication of the state or territory, and is included 
with the plants of the Dakota group. The type specimen is preserved 
in the U. S. National Museum where it was found among the specimens 
from Spring canyon, Montana, from which place it undoubtedly came 
as shown both by its original number and by the matrix in which it is 
preserved. In the Cretaceous and Tertiary Floras, p. 60, it is described 
among the Dakota group plants, an error which is also perpetuated in 
the final Flora of the Dakota Group,' Monograph U. S. Geological Sur- 
vey, XVII, p. 118. 

Nyssa lanceolata Lx. 

The original specimens from Spring canyon that were referred by 
Lesquereux to this form are missing and none of the recent material 
contains it. 

CORNUS RHAMNIFOLTA O. Web. 

The specimens in the 1872 collection were preserved in the coarse 
sandstone and as they are very obscure they were with doubt referred 
to this species. The material from the mouth of the Bear canyon con- 
tains one or two leaves that have been referred here, although they are 
so obscure as to render their identification doubtful. 

Leguminosites oassioides Lx. 

A number of specimens are referred with certainty to this form as 
determined by Lesquereux's identification of the 1872 materiaL 

CiSSUS TRICUSPID ATA ? Lx. 

Doubtfully referred to this species. 
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Ehamnus rectinervis Heer. 

There are no specimens in the recent collections that can be refer- 
red to this form and the type specimens are also missing. 

EHAMNTJS SAIiICIFOLIUS ? Lx. 

A number of fragments ai^e doubtfully referred here. 

CeLASTRINITES LiEVIGATUS Lx. 

The types of this species are preserved in the National Museum and 
are the only sx>ecimens ever found. 

DOMBEYOPSIS PLATANOIDES Lx, 

The types of this species are also to be found in the National Museum, 
and one or two fairly good additional specimens have been found. 

Nelumbo. 

A very obscure fragment doubtfully referred as above. 

discussion op table. 

Before passing to a consideration of the table it may be well enough 
to caU attention to several points which would seem worthy of more 
consideration and weight than has usually been given them in many dis- 
cussions of this kind, and in doing this I can hardly do better than 
quote from a recent paper by Prof. Fontaine.^ 

^ Fossil plants from the Great Falls coal field^ Montana. Proc. U. S. Nat. Mas. 1892, 
vol. XV, p. 489. 
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After discussing at some length the facies of the Great Falls flora 
Prof. Fontaine says: '* In this connection I will repeat an opinion ex- 
pressed before. In determining the age of an unknown group of fossil 
plants, greater weight, as evidence of age, ought to be assigned some 
plants than others. These are the plants whose fossils have marked 
and salient features, that permit them to be identified without danger 
of error. An example of this kind is FrenelopsiSj especially J^. j^ar- 
ceramosa of the Potomac flora. Where these are fully established and 
at home in a formation, as would be shown by their general distribu- 
tion and the abundance of fossil specimens that they afford, they ought 
not to be considered as units in a sum total to establish a percentage. 
Their evidence would thus be neutralized by that of other units which 
are newcomers or belated survivors. This is especialy true of floras 
in a critical stage of evolution, and which contain a considerable num- 
ber of newcomers and survivors. The Potomac flora was one of this 
character, in which Jurassic types were being cast out and Cretaceous 
ones introduced.'^ 

The Bozeman coal field presents a problem somewhat similiar to 
that of the Great Falls coal field and remotely of the Potomac forma- 
tion. That is, the fossil plants play an important role in confirming 
the results of stratigraphy. But as Fontaine has said we should 
not take absolute percentages but should take into account the 
species which may be identified with absolute or at least reasonable 
certainty, and also their relative abundance. Several European species 
were identified by Lesquereux with hesitation in this flora, such as 
Quercus Godeti^ Cinnamomum Scheuchzeriy Bhamntis salicifoliuSj etc., 
and it would manifestly be not only unwise but probably absolutely 
wrong to attach much weight to the foreign distribution of si)ecies'of 
so doubtful a status. Such determinations are especially hazardous 
when, as in the present instance, the specimens are fragmentary or 
preserved in a matrix which will not retain the essential nervation. 

Again, it would seem well to use with caution evidence derived from 
a single specimen of a species, no matter how certain its identification 
might be. It may be a waning type or a newly introduced one. The 
force of this argument, however, is somewhat reduced by the fact that, 
unless the exploration of the beds has been very thorough, we can 
never be certain that the specimens seen are a fair and full representa- 
tion of everything found at that place. There is always the possibility 
that the next blow of the hammer may have revealed an abundance of 
what is now considered rare or perhaps represented by a single speci- 
men. 

Lesquereux, in his original consideration of this flora, referred it to 
the lower lignite ^ or true Laramie. Prof. Ward, on the other hand, 
inclined to regard it as belonging to the Fort Union* beds, but he in- 

1 Hayden's Ann. Rept., 1872, p. 409. 

• Synopsis of the Flora of the Laramie group, p. 441. 
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eluded with the Bozeman coal field the somewhat indefinite localities 
in or near the Yellowstone National park, known as Yellowstone lake, 
Elk creek, and Snake river, therefore attaching undue weight to 
species common to these places and the Fort Union beds. The speci- 
mens that Lesquereux examined from these localities are fortunately 
nearly all preserved in the National Museum, and from a study of the 
matrix in which they are preserved, together with the recollections of 
Dr. A. C. Peale, who either collected them personally or was with the 
parties when they were obtained, we are able to arrive at a pretty defi- 
nite conclusion as to their position. Those from the "Snake river," or 
rather from the "Divide between Snake river and Yellowstone lake," 
were collected by Dr. Hayden's party in 1871, and are from strata rest- 
ing dkectly upon the Fox hills, therefore probably true Laramie. This 
view is confirmed by the present members of the U. S. Geological Sur- 
vey connected with the Yellowstone park division. This is the type 
locality for Oymnogramma Haydenii or Anemia suhcretacea, as it is now 
called. 

The specimens from the Yellowstone lake were obtained during the 
same season by Dr. Hayden himself, and come from the west side of 
the lake, probably not far from Stevenson's peak. The material is the 
brittle shales, characteristic of what is known as the Volcanic Tertiary 
of that region. Equisetum limosum f Linn., was identified from this 
place. 

The specimens from Elk creek were obtained by Dr. Peale, who is 
able to locate the spot very definitely on the present map of the Yel- 
lowstone park. They came from the foot of low bluffs just above (N. 
W.) the trail to Pleasant valley. That is, they came from the base of 
Crescent hill, about one mile above Yancey's. Several specimens 
were obtained here, among them Platantcs nobilis or Aralia notata^ as 
it was called by Lesquereaux, the species which Prof. Ward seems 
largely to have relied upon to establish their connection with the Fort 
Unio^ beds. 

Having disposed of the localities clearly confounded with the Boze- 
man coal field, we may turn to a consideration of the table of distri- 
bution. This table embraces 44 more or less satisfactory species, 
which composes the flora of these beds. Of this number 5 are re- 
garded as new to science, and are, therefore, dismissed as having, in 
themselves, no diagnostic value or at most only negative value. Of the 
remaining, 11 species have so far never been found outside of these beds, 
thus leaving 28 species having a distribution, and upon which we must 
largely rely for comparison. Of these 28 species no less than 22 are con- 
fined to the Livingston beds, while only 2 are confined to the Laramie 
proper, and 4 are found in both Livingston and Laramie beds. With 
this distribution of species within the Bozeman coal field in mind, we 
may pass to a comparison with other floras. 

Of the 28 species only 7 have been found in the Fort Union beds. 



62 LARAMIE AND LIVINGSTON FORMATIONS IN MONTANA, [bull. 105. 

These are Oinkgo adiantoides^ Phrdgmites alaskanay Juglans rugosa^ 
Platanus aeeroideSj and Taxodium distichum miocenum^ which are posi- 
tively identitied in the two horizons, and Quercus castanopsiSj which 
depends upon a single broken leaf from Hodson's coal mine, and Fictis 
tilicefoliaj found only in fragments in both places. Of the first four 
species, Ginkgo adiantoides has a very wide distribution outside of the 
United States in the Miocene and Pliocene of Europe. Juglans rugosa 
was originally described^ from Marshall's mine, near Denver, Colorado, 
and is also especially abundant in the Denver formations at Table 
mountain. Golden, Colorado. It has a wide distribution in the United 
States and has also been found in the English Eocene at Alum bay 
Isle of Wight. 

Of the 22 species of the Livingston beds having a distribution out- 
side of this area, we find that 4 species (Populus laevigata^ Juglans dentie- 
ulata, Fieus auriculata and Nyssa lanceolata) are confined exclusively 
to the Denver beds of Colorado; 3 species occur in the Denver and later 
formations; 3 species in Tertiary beds; 10 species in Denver and Lar- 
amie, and only 2 species {Sequoia Beichenbachi and Bhamnus sali- 
dfolius) in Laramie exclusively. That is, no less than 17 of the 22 
species are found either exclusively in the Denver or have their greatest 
development in this formation. 

Of the 4 species {Abietites dubius^ Salix angusta^ Platanus Ouillelmod 
and Andromeda Gray ana) found in both Livingston beds and Bozeman- 
Laramie, Abietites dubius is of doubtful status, being questionable in 
the Bozeman-Laramie; Salix angusta is a common European Eocene 
and Miocene species and is not found in the Laramie outside of the 
Bozeman coal field; while the other two are clearly identified in both 
horizons. 

The two species found in the Bozeman-Laramie exclusively are 
Anemia subcretacea and Qu^rcus chlorophylla, the first depending on 
a few fragments and the second upon a single specimen. 

As the localities of Carbon and Evanston, Wyoming, are still open 
to question as to their age, it has been thought best to keep up the 
distinction by placing them in a separate column. They were regarded 
by Lesquereux as belonging to his Upper Lignitic, and therefore pos- 
sibly belong to what has since been differentiated as the Denver group, 
to which they have been referred in the above tabulation, although 
Dr. C. A. White ^ would probably regard them as true Laramie, as he 
considers the Arapahoe and Denver formations as contemporaneous 
with the upper part of the Laramie, where it is complete. A more 
thorough study of these localities in the light of present knowledge 
would undoubtedly be productive of important results. 

The only group which it remains seriously to consider is the true 
Laramie or coal-bearing series of strata, the Lower Lignitic of Les- 

^Hayden's Ann. Kept., 1S69, p. %. 
«Ball. U. S. Geol. Survey, "So. %^, ^. \^, 
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quereux as typified at Raton mountains, Kew Mexico, Point of Rocks, 
and Black buttes, Wyoming, etc. Of the 28 species taken as the basis 
of comparison in the Bozeman coal field 14 have been found in the Lar- 
amie proper. This, it is to be understood, is the absolute number, of 
which several, from one cause or another are doubtful ; thus, excluding 
the 2 species found only in the Laramie of both areas, and at least 
5 of the 10 species above pointed out as common to the Denver and 
Laramie, we have no more than 6 or 7 of the 28 species belonging, 
in numbers worthy of much consideration, to the Laramie. 

From these considerations it appears, beyond question, that the flora 
of the Livingston formation finds its nearest relationship with the flora 
of the Denver beds of Colorado. This result appears to differ from the 
results obtained by a preliminary study of this flora as set forth in a 
short paper published in July, 1892, on the Fossil Flora of the Boze- 
man Coal Field.^ In that paper it was stated that an equal number 
of species were common to the Bozeman flora, and the Denver and Lara- 
mie of other parts of the United States. This statement was based on 
the distribution of the Laramie plants as contained in the books, which 
were published before the Denver beds had been separated as a distinct 
series, and when it was consequently impossible to t^U exactly where 
a species came from, when as at Golden, Colorado, both formations are 
present, and both plant-bearing. Since that time much labor has been 
expended on a thorough revision of the Laramie and allied floras, based 
upon most of the original material, together with extensive recent col- 
lections. The result of this has been to fix definitely the distribution 
of a large number of the species, the horizon of which were before loosely 
given or often wholly unknown. This modification of our knowledge 
of distribution had made possible the above corrections in the working 
out of the affinities of the Bozeman flora- 

Note. — Since the foregoing paper was written Mr. W. H. Weed has 
submitted to me a small collection of fossil plants obtained by him at 
the foot of the Crazy mountains, on Big Timber creek, Park county, 
Montana. The collection numbers nine specimens which I have been 
able to identify as follows: A single specimen each of Sequoia Langs- 
dor fii Heer, and Populus genatrix^ewh^TTy, and four specimens of Ulmus 
speciosa f Newberry, with fragments of a Platanus (possibly P. nobilis)^ 
a Phragmites and Ulmus sp. 

Sequoia Langsdorfii has been abundantly found in, but is not con- 
fined to, the Fort Union group, while Populus genatrix and Ulmus, 
speciosa are typical Fort Union plants. While it is manifestly unsafe 
to place much dependence in such meager data all the species identifi- 
able belong to or are found in the Fort Union group. 

iProc. Biol. Soc, Wash., vol. vii. pp. 153, 154. 



Plate V, 

Figs. 1-4. Thinnfeldia polymorpTi^ (Lx.) Kn. 

From head of Fir canyon, 8 miles east of Bozeman, Montana. 
Fig. 5. Thinnfeldia lanceolata n. sp. 

From head of Fir canyon, 8 miles east of Bozeman, Montana. 
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Plate VT. 

Figs. 1-3. Jspidium Lakesii (Lx.) Kn. 

From point between Middle and North branclies of Bear creek; east of 
Madison yalley, Montana. 
Fig. 4. Jspidium LaJceaii (Lx.) Kn. 

From Quarry No. 2, 3;000 feet east of the Donglas coal mine^ Sedalia, Col- 
orado. (Introduced for comparison.) 
Figs. 5, 6. Populus t p^'oblematica n. sp. 

From head of Fir canyon^ 8 miles east of Bozeman^ Montana. 
Figs. 7-9. Popuhta cf. arcHca Heer. 

From near mouth of Bear canyon, 6 miles southeast of Bozeman, Montana. 
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